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PREFACE TO THE FIRST EDITION 

This book is based, on about twelve years oxpeiienc© of 
Diesel Engines mainly fiom the drawing office point of view 
xud IS intended to piesent an account of the mam considoia 
ti >ns wliicli contiol the design of these engines 

Hie author ventures to hope that in addition to designei 
and di aught smen to v horn such a book as this is most natuially 
addle ssed thcio may bo othci classes of readers — for example 
Diesel Engine useis and technical students — to whom the 
following pages may be of inteiest 

The text deals mainly with general principles as exemplified 
by examples of good modem practice and it has not been 
possible to notice every constiuctional novelty Apology is 
pci haps called for on account of the omission of any special 
ti< xtment of the stepped piston and the opposed piston types 
of eiigino These however are the specialities of a comparx 
tively limited numbei of manufactureis and have been veiy 
•^iilly described and illustiated in the technical pi css 

The oxistcnco in its fourth edition of Chalkloy s well known 
book on The Z)%esel JSng%ne for Tand and Marxne JPzcrposes has 
enabled the piesent wiitei to piocecd to details with a minimum 
of picliminaiy discussion A numbei of leferences to othei 
books and papers have been inscited in ordei to avoid so fax 
as possible overlapping with other sources of information 
The author has pleasure in acl nowledging his indebtedness 
to Mr P H Smith (who has at all times placed his unique 
experience of Diesel Engines at the disposal of the author) for 
several corrections and suggestions to Mr E Johnson M A 
(Cantab ) for his very caieful and patient revision of the 
proofs to the author s wife for assistance with the manusciipt 
and for compiling the index 
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PREFACE TO THE SECOND EDITION 

During th.e past few years there has been a gie it development 
m the apphcation of the Diesel Engine paiticululy to the 
propulsion of Mercantile Vessels and it is now u( ogni < d thit 
for this service there are no necessary hmitations of powci 
Further rapid progiess is therefore assured lu this and no 
doubt other diiections 

In order to bring this book into closei touch with latei 
developments it has been necessary to malvc i liig( number 
of minoi corrections and some substantial additions 

In Chapter VIII some of the moie recent foims of cyhndcis 
and covers foi large engines aie dosciibcd and notes h ivt bt cn 
added on the influenee of combustion chambe i sh ipt v Inch 
have a practical bearing on recent innovations m design 
Chapter IX is entirely new and is devoted to ht it flow 
considerations which will necessarily play in important put 
m the future development of the engine 

Chapter XI has been extended by sections dcahng with the 
principles of mechanical injection 

Many further refeiences to hterature have been added 
The wiiter s acknowledgments and thanl s iic due to the 
Editor of The Motor shijt (London) foi kind pti mission to 
reproduce Figs 118 122 123 124 125 (together with much of 
the accompanymg text) taken from articles oontiibuted by 
the luthor to this journal also to the Hon Sec of the Duscl 
Engine Users Association for permission to lepioduce Iigs 
no 111 112 119 120 121 126 127 (togethci with miuh of 
the accompanymg text) taken from a Paper on M nine Die sol 
Engines which the authoi had the honoui of leidmg befoio 
the Association in June 1922 The bulk of the matcii il foi 
Chapter IX has been aken from these two souices leai langc d 
and amphfied foi the purpose of % connected discussion 
FmaUy the author s hearty thanks are also tendeicd to all 
those who have kindly helped by pointing out inacouiacies or 
by offering suggestions 
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C El AFTER I 

nUST PRINCIPLES 

The Diesel Principle — Tlie chai acteristic feature of the 
Diesel Engine is the injection of oil fuel into air which has been 
previously compressed by the using of a piston to a pi assure 
corresponding to a temperature sufficiently high to ensuie 
immediate ignition of the fuel 

In the course of the pioneei experiments by which the 
commercial practicability of this engine was demonstrated it 
was found advantageous to effect the injection of the fuel by a 
blast of air and this feature was retained m all Diesel Engines 
until the lapse of the original patents 

At the present date there exists a class of high compiession 
oil engines operating on the Diesel piinciple in which the 
injection of oil is effected by mechanical means without the 
assistance of an air blast These engmes have been variously 
termed Solid Injection Engines Cold Starting Heavy Oil 
Engines Airless Injection Engines For our purpose the 
term Airless Injection Diesel Engine will serve to distm 
guish this class from that of the true Diesel Engine as defined 
below Special features in connection with the design of An 
less Injection Diesel Engine^ will be considered in Chapter XI 
Thioughout the remainder of the book discussion will be con 
fined to the true Diesel Engine in the sense of our definition 
The well known Hot Bulb Surface Ignition or Hot 
Plate engines form a very numerous class by thom'^elves and 
are sometimes known as Semi Diesel Engmes they fall 
outside the scope of this work 

The features which characterise the true Diesel Engine in 
the correct use of the term aie now understood to be the 
following — 

B 
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(1) Compiession sufficient to pioduce the toiupcn.tuic 

lequisite foi spontaneous combustion of tlic fuel 

(2) In 3 ection of fuel by a blast of compicsscd lu 

(3) A maximum cycle pie&sure (attuned duimj, combustion) 

not gieatly exceedmg the compioshion picssuic i c 
absence of pronounced explosive efieot 

Item 3 IS deliberately worded somewhat bio idly as the 
shape of a Diesel mdicatoi card is subject to consitkiibk 
variation under different conditions of load bl ist in })Kssiut 
fuel valve adjustment etc 

In the earher days of Diesel Engine constiuction the squaie 
top indicator caxd shewing a peiiod of combustion at c onst iiit 
pressure was considered the ideal to aim at It has since bttn 
found that a card having a more peaked top is usu illy asso 
ciated with better fuel consumptions When tii oil is used is 
fuel the square top caid appeals to be almost out of the 
question 

It should further be remembered that the ovistcnct of i 
period of combustion at constant prcssuic is no gu ii intcc th it 
all the combustion tal es place at that piessuic This idoil is 
never leahsed Combustion probably proceeds slowly wtll 
aftei half stroke even under the most favoui ible conditions 

Compression Pressure — ^The height to which compression 
is carried is governed bjr tlic following considerations — 

(1) The attainment of the requisite tempeiaturc 

(2) The attamment of a desirable dcgicc of efficiency 

(3) Mechamcal considerations 

Considerations of temperatuie tor ignition fix the lovci 
hunt of compression at somewheio in the neighboinhood of 
4.00 1b per sq in The tempeiatuie actually xtt lined depc nds 
on the imtial temperature of the mtakon air and the he vt lost 
to the jacket durmg compression so it is clcai that the tempt i 
ature attained on the first few strokes of the cngint will bt 
considerably lower than the value it assumes aftci the engine 
has been firing consecutively for some time 

As regards efficiency it is well known that increasing the 
degree of compression beyond certain limits does not very 
materially increase even the theoretical efficiency 

In practice the compression most usually adopted is about 
600-660 lb per sq in for four stroke engines For two stroke 
engmes the compression is sometimes in the neighbourhood of 
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600 lb per sq in owing to the fact that the charge of aii 
delivered by the scavenge pump may itself be at a piesstiie 
slightly above atmospheiic Iho compiossion latio in the 
working cylinder itself needs to be sufficient to attain ignition 
temperature since at starting up the scavenge pressure is nearly 
atmospheric on account of the small pressure required to pass 
the charge through the ports or valves in the time available 
The mechanical considerations which limit the compression 
are numeious and some aie mentioned below 

Higher compression involves — 

(1) Heavier load per sq m of the piston and necessitates 

massive constiuction of all the main paits 

(2) More highly compressed air for injection and consequently 

increased trouble with the air compiessor and its 

valves particularly 

(3) Increased wear of cyhndei hners due to increased 

piessure behind the piston imgs 

Compression Temperature — ^With a compiession of 500 lb 
per sq in in a fair sized four cycle cylmder working under 
full load conditions the compression temperature is about 
1200 I On starting the engine fiom a cold state the com 
pression pressure and temperature are consideiably lower 
owmg to the cold state of the cylindoi walls and the piston 
Clown 

In addition to this the mjection of cold blast air with the 
fuel in the proportion of about 1 lb of blast air to 12 lb of 
suction air still furthei reduces the temperature apart fiom 
the probability that the blast air has momentarily a local 
coohng efiect in the zone of combustion 

The middle curve (Iig 1) shews graphically the connection 
between the compression tempeiatui e and compression pressure 
on the assumptions that — 

(1) The initial temper atuie of the intaken air is 212 F 

(2) That the exponent in the equation FVa=oonst is 1 36 

These assumptions correspond approximately to the condi 
tions obtaining with a heavily loaded engine of fair size — say an 
18. cylinder with uncooled piston 

The noteworthy point about this curve is the slowmg down 
of the rate of increase of temperature with pressure as the 

latter increases 
F mcreases 
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The Four Stroke Cycle — ^The well known fom stroke cycle 
consists briefly of — 

(1) The Suction Stroke 

(2) The Compression Stroke 

(3) The Combustion and Expansion Stroke 

(4) The Exhaust Strol e 

These are considered in detail below 



rio 1 


Suction Stroke — ^If the engine crank is considered to be 
at its inner dead centre and ]ust about to begin the suction 
stroke the suction valve is already slightly open In steam 
engme parlance it has a slight lead At the same time the 
exhaust valve which has been previously closing on the 
exhaust stroke has not yet come on its seat The result of 
this state of affairs is that the rapidly moving exhaust gases 
create a partial vacuum m the combustion space and induce a 
flow of air through the suction valve thus tending to scavenge 
out exhaust gases which would otherwise remain m the 
cylmder 

As the piston descends its velocity mcreases and reaches a 
maximum in the neighbourhood of half stroke At the same 
time the suction valve is being lifted further off its seat and 


FIRST PRINCIPLES 


5 


attains its maximum opemng also in the neighbourhood of 
h alf stroke The lower half of the suction stroke is accom 
paniod by a more or less gradual closmg of the suction valve 
which however is not allowed to come on its seat until the 
crank has passed the lower dead centre by about 20 At the 
moment when the crank is passing the lower dead centre the 
induced air is passing through the restricted opening of the 
rapidly closmg suction valve with considerable velocity and an 
appreciable duration of time must elapse before the upward 
movement of the piston can effect a reversal of the direction of 
flow through the suction valve It will be clear from the above 
that owing to the effect of inertia more air will be taken into 
the cylinder m the manner described than by allowing the 
suction valve to come on its seat exactly at the bottom dead 
centre The exact point at which the suction valve should 
close IS doubtless capable of approximate calculation but is 
usually fixed in accordance with current practice or test bed 
experiments 

Compression Stroke — The piston now rises on its up 
stroke and compresses the air to about 600 lb per sq m the 
clearance volume necessary for this compression being about 
8% of the stroke volume During the compression the temper 
ature rises and a certain amount of heat is lost to the cylinder 
walls and cylinder cover The final compression tempei ature 
IS in the neighbouihood of 900 F to 1200 F 

Combustion and Expansion Stroke — ^At the upper dead 
centre or slightly previous thereto the injection valve opens 
and fuel oil is driven into the cylinder and starts burmng im 
mediately The actual point at which the fuel enters the 
cylinder is not quite certain as there is inevitably some lag 
between the opening of the injection valve and the entrance of 
fuel The point at which the fuel valve starts to open as 
determined by a method described below varies from about 
3 (slow speed engines) to 14 (high speed engines) The 
method of determining the point of opemng of the fuel valve 
IS as follows — 

With the engme at rest an at about 100 lb pressure is 
turned on to the mjection valve and then commumcation with 
the blast air bottle is cut off to pi event unnecessary waste of 
air and the possibility of the engine turmng under the impulse 
of the air which is subsequently admitted to tlie cyhnder The 
indicator cock IS now opened and the engine slowly barred 




6 


DIFSEL ENGINE DEkSIGN 


round by hand until the an is heaid to enter the cylmdti by 
placing the eai to the indieatoi cool The position of the 
engine when this occuis is the nearest pos ible xppioMniation 
to the true point of opening assuming the operation his been 
carefully done 

The duration of the fuel valve opening is u ually about 48 
and in the majority of engines is fia-cd tor all lords It is 
evident that at light load the opening is longei than ne cc ssiiy 
and in some designs the duration of opening is iev,ul ited by the 
governor in accordance with the load 

The combustion is by no moans complete when the fuel vilvo 
closes and usually continues in some mcvsuie well p ist th< 
half stroke of the engine This is 1 nown is iftc i biumn„ 



and takes place with the veiy best engines in the In st st ito of 
adjustment F i ^ after burning is the suiest ign of 
imsadjustment and makes itself apparent by abnoim illy high 
terminal pressure at the point it wlueli tho exh lUst v live 
opens and is readily detected on an indie atoi end by com 
parison with that tal on from an engine in good idjustnu nl 
As •will be shewn later the presence of iftoi burning n 
most cleaily seen on an Entropy Diagram 

B'spansion contmues aooomjianiod by loss of heat to tho 
cylinder walls until the exhaust valve opens 

Exhaust Stroke — The exhaust valve opc ns about 50 ° 
before the bottom dead centre m order that the exhaust gases 
may effect a rapid escape and reduce tho back pre ssuro on tho 
exhaust stroke Tho pressure m the cyhndor when tho exhaust 
valve starts to open is about 40 lb per sej in with an ongmo 
working with a mean indicated pressure of 100 lb per sq in 
The temperature of the exhaust gases at this pomt is some 



FIPST PRINCIPLES 


7 


where in the neighbourhood of about 1600 F and the velocity 
IS consequently "very high 

The pressure falls nearly to atmospheric shortly after the 
bottom dead centie has been pa sed and the back pressure 
during the lemainder of the exhaust strol e should not be more 
than about 1 lb pei sq in or less Excessive back pressure 
may arise from — 

(1) Insufficient diameter or lift or late opening of exhaust 

valve 

(2) Exhaust pipe too small in diameter 

(3) Obstructions or sharp bends in the exhaust pipe or 

silencer 

(4) Interference by another cylinder exhausting into the 

same pipe 

It IS inteiesting to note that owing to the higher velocity of 
an at high temper atuie per unit piessure difference the back 
piessuie IS moie at light load than at full load 

Indicator Cards — Figs 2 and 3 shew typical indicator 
cards taken with a Jicavy and a light spiing respectively 



The lattei is paiticulaily useful for investigating the pro 
cesses of suction and exhaust 

It IS to be observed that in Fig 3 the compression is seen to 
start at a point which is mdistinguishable from the bottom 
dead centre thus indicating a volumetric efficiency of practi 
caUy 100% This is to be regarded as a normal state of affairs 
obtainable with both high speed and low speed engines The 
volumetric efficiencies of internal combustion engmes are 
frequently quoted at figures varying between about 95% for 
slow speed engines to 80% for high speed engmes The former 
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figure IS reasonable but the latter can only be duo cither to 
impel feet design (oi adjustment) of the engine oi to oiioncous 
indicator cards The use of too weak a spiing in the indicator 
may lead to a diagram shewing not moic than 00% volumctiic 
efficiency owing to the inertia of the indic itoi piston etc 
Consequontly fairly stiff spiings are to be proftiied 

Valve Setting Diagram — ^Fig 4 is a typical valve setting 
diagiam for a four strol e engine and shews the points iclxtivo 
to the dead centres at which the various valves open and close 



The Two Stroke Cycle — As its name implies the two 
stioke cycle is completed in one revolution of tho ( ngint Hit 
revolution may roughly bo divided into throe ntaily equal 
parts — 

(1) Combustion and Expansion 

(2) Exhaust and Scavenge 

(3) Comj)res8ion 

The exhaust and scavenge take place when tho piston is 
near the bottom dead contie and consequently only very small 
portions of tho expansion and compression strokes aio lost in 
spite of the fact that nearly 120° of tho crank revolution aro 
occupied with exhaust and scavenge This point is cleaily 
seen on reference to Eig 6 
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Exhaust Period — ^The exhaust starts when the piston un 
covers slots m the cylindei wall The point at which this 
happens is different in diffciont designs of engine an average 
being about 15% of the stroke before bottom dead centre 
The exhaust ports are usually of large area and consequently 
the pressure falls to atmospheric very rapidly The period 
required for this process naturally depends on the port area 
and the piston speed and average liguics are about 20 to 30 
It is well to dwell carefully on the state of afiairs at this 
point 



During exhaust the cylinder prcs&uie has fallen from about 
55 to about 15 lb per sq in absolute and there is no reason 
to suppose that the lemaining exhaust gases have fallen greatly 
in temperature (Given adiabatic oxpaii ion the fall m 
absolute tompeiature is less than 20% ) The conclusions are 
therefore — 

(1) Something like 50% by weight of the gisos have effected 

their escape 

(2) The remaining gases are rarefied compared with at mo 

spheiic air 

Scavenge Period — The scavenge air is admitted by ports 
or valves (or both) and the instant it which admission starts 
IS timed to coincide with that at which the cyhnder coptents 
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attain appreciably the same piessuie as the scivengo xii oi a 
trifle less The incoming scavenge air is supposed to swcc p the 
remaimng exhaust gas before it and so fill the cyhndci vith x 
charge of pure air by the time the piston hxs oovoicd the 
exhaust slots on the up stroke Actually ccitxui pioccsscs 
take place which do not entei into the ideal pio_,i umm 
Some of these are — 

(1) A certain amount of mixing between tlu nKouiin^ 

scavenge air and the letreating exhaust gxscs 

(2) Short circuiting of scavenge an to the oxh xust pipe bcloi c 

all the exhaust gas has been expelled 

The effects of both these processes aie minimised by piovid 
ing a large excess of scavenge air Ihe figure xdopttd foi the 
latio of scavenger volume to cylmder volume is xbout 1 i in 
modern designs securing good stiatification and ivoidin^, 
undue loss of the fresh charge 

There are a number of different systems in use foi xdmit 
ting scavenge air and some of these are discussed below 

Simple Port Scavenge — In this system the sca\ engt xu 
IS admitted by means of ports in the cylinder linci opjiosile x 



Fig 6 


row of similar poits for the exhaust (see Pig 6) the ])iston 
top bemg provided with a projection to deflect the scavenge an 
to the top of the cylmder This system is simple but possesses 
some disadvantages which are enumeiated below 

(1) The scavenge air slots have to bo mxdo shorter than the 
exhaust slots m order that the cyhnder pressure may fall to 
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the same value as the scavenge an piessure before the piston 
begins to uncover the scavenge slots Ihis entails the lattei 
being covoied by the piston on its upward stioke before the 
exhaust poits aie covered and consequently the piessure at 
the beginnmg of compiession can barely exceed the pressure 
in the exhaust pipe Ihere is also a possibility of exhaust gases 
working back into the cylindei 

(2) Phe projection on the top of the piston necessitates a 
specially shaped cylindei cover in oidei to provide a suitable 
shape foi the combustion space 

Engines provided with this system of scavenge are only 
suited for a relatively low mean indicated pressure of about 
80 lb pel sq in 

Cylindei Cover Valve Scavenge — In this system the 
scavenge air is admitted by means of one to four valves located 
in the cylinder cover and avoids some of the disadvantages 
of the simple port scavenge 

By allowing the scavenge valves to close after the exhaust 
ports have been covered by the piston the cylinder may 
become filled with air at scavenge pressure before compression 
starts and consequently such a cylinder is capable of develop 
ing 1 higher mean effective pressure The greatest drawback 
to this system is the complication of the cjlmdei cover and 
this appears to be rather serious It is not an easy matter to 
design a cover to accommodate several valves and passages 
and at the same time secure the necessary conditions for dura 
bility under exposure to the strong heat flux which the two 
stiol e cycle involves when high mean pressures are used 

Valve Controlled Port Scavenge — ^This system (usually 
associated with the name of Messrs Sulzer Bios ) appears to 
combine most of the advantages of both vt ith the disadvantages 
of neither of the above systems 

The air ports or a certain number of the an ports are so 
situated that they are uncovered before the exhaust ports but 
are controlled by a valve of the double beat piston oi other 
type in such a way that commumoation does not exist between 
the cyhndei and the scavenge pipe until the exhaust ports 
have been uncovered for a sufficient period to allow the cyhnder 
pressure to fall to or below the scavenge pressure On the up 
ward stroke the controlhng valve remains open so that the 
cyhnder is in communication with the scavenge pipe until the 
scavenge slots are coyered by the piston (See Fig 7 ) 
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Engines controlled on tins prmciple arc at piesent the most 
successful of the large two strol e Diesel Engines 

Amongst small oi medium poweied two stiolve engines tho 
simple port scavenge prmciple is the favouiite 



ric 7 

Types of Diesel Engines — Xhe existing typos of Diesel 
Engines can be divided into gioups in vaiious ways accoiding 
as they aie — 

(1) Stationary oi Marine 

(2) Four Cycle oi Iwo Cycle 

(3) Slow Speed or High Speed 
\ (4) Vertical oi Horizontal 

(5) Smgle Aetmg oi Double Acting 

1 (6) Air Injection or Mechamcal Injection 

It suffices heie to desciibe shortly the outstanding foatuios of 
the commonest types in commeicial use 

Four Stroke Stationary Engines — ^Tho eailicsi Diesel 
Engines came in this categoiy ind consisted geneially of one 
to three smgle acting trunk type vertical cylinders having a 
stroke bore ratio of about 1 4 and running at piston speeds 
from about 600 to SOO ft pei mm The cylinders woio mde 
pendent and comprised a cylinder liner lightly pressed into a 
combined jacket and a frame or column casting Ring 
lubrication was used for tho mnn boarmgs Very similai 
engmes aie made to day by a large number of maWs with 

2 3, 4 or 6 cylindeife Forced lubiioation is frequently used, 
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and in some cases mechamcal injection is employed numbei 
of makers now make use of tke enclosed bo^. ciaiil case con 
struction which is advantageous when foiced lubiicatioii is 
used particularly in conjunction with ciossheads Piston 
speeds generally range from 700 to 1000 ft pei minute or over 
With the higher piston speeds and larger cylmdei diameters 
oil or water cooling of the pistons is resorted to Horizontal 
engines of the air blast type have been made in considerable 
numbers abroad but have not found gieat favour in this 
eountiy but horizontal engines of the mechanical injection 
type are now marketed by a number of British makeis 

Two Stroke Stationary Engines aie usually confined to 
powers of about 700 B H P and upwards They aie generally 
fitted with crossheads Both the open column and closed 
crank case constructions aie in use The earliei engines had 
cylinder cover valve scavenging but this system is giving way 
to the port scavenging systems 

Four Stroke Marine Engines aie now being built by a 
number of films foremost amongst which aio Burmeistei and 
Wain and their licensees Harland and Wolff For powers up 
to about 6000 I H P single acting ciosshead type engines aie 
used in twin screw ships Special engines having a long stiol e 
and low revolutions are used for single screw vessels on account 
of propeller efficiency The latest Burmeistei and Wain — 
Harland and Wolff — development consists in the constiuction 
of double acting foui stroke engmes capable of developing 
20 000 I H P on two shafts 

Pour stroke single acting engmes with mechanical mjection 
are made by Vickeis Ltd foi Mercantile Service (crosshead 
type) and sub marine propulsion (trunl type) 

Two Stroke Marine Engines have been built in limited 
numbers by a number of firms but the leading mal eis m 
this field at present are Sulzer and Ansaldo In these engines 
controlled poit scavenge is adopted and the engines are of 
the normal single acting type The two stroke marme engmes 
made by CammeU Laird and Doxf ords are characterised by the 
use of two opposed pistons per cyhnder and in the Doxfoid 
engmes mechanical mjeotion is used 

In the Still engines (two of which at the time of wntmg 
have just completed their shop trials) the upper part of each 
cylmder functions as a two stroke mechanical mjection oil 
engine but steam generated m the cyhnder jackets and m 
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ajU auxiliaiy exhaust heated, hoilci opeiates on tlio undoi side 
of each piston 

Other Types — A numboi of special types of Diesel hn^^inc 
have been pioduced liom time to time foi venous pui poses 
such as locomotive woih motoi cai and aiici ift powej but 
these remain in the exjperimental stage 

Literature — Chalkley A. E Diesel Engines — ( on stable 
Eoppl O and Stiombecl IT Schnell udende Diesel 
motoren — Sxningei Beilin 

Haedei H Oelmotoicn — TTaoder Wiesbaden 
Lamb J Bunnmg and M mitenanec of the JVI uino Diesel 
Engine — Giifhn 

Lorfevre T Ja Pi i,tiquo dcs Motoiii Diesel — JMonioty 
Pans 

Moirison L IT Diesel Engines also Oil I iigines - 
MacGraw Hill 

Scholz W Schiffs Oelmaschmen — Springei 1 eihn 
Supino G Biemnci A C xnd Picbxidson f J ind 
and Maiinc Diesel Engines — Giiffin 

Wells G J and \V illis I lyloi A J iho Diesel oi Slow 
Combustion Oil > ngino — Ciosby Loekwood 

Guldnei H Intwoifcnu J eicohnmi;^ clci Veibiennungs 
motoi en — Spimgor 

Koiner K Der Bau dcs Diosclmotors — fepiin^ei 
Bird A L Oil Engines — Methuen 



CHAPTER II 

THERM EFFICIENCY 

The overall thermal efficiency of a heat engine is the ratio 
of the useful v orl pel formed to the mechamcal equivalent 
of the heat supxDlied duiing a given period of working 

Pioblem What is the theimal efficiency of a Diesel Engine 
which consumes O 4 lb of fuel pei bral e horse power hour 
To solve this pioblem two things require to be known — 

(1) How much heat 1 lb of fuel gives out on combustion 

1 e the calorific value of the fuel 

(2) How much mechamcal work is equivalent to a given 

quantity of heat 

The calorific value of diffcient qualities of liquid fuel varies 
fiom about 15 oOO (Mexican crude) to about 19 300 (Galici\n 
crude) British Thermal Units per lb Eor calculations and 
comparison of test lesults fuel consumptions are usually 
reduced to their equivalents at a calorific value of 18 000 
B T U per lb One B T U (the amount of heat required to 
rai e the temperature of 1 lb of water 1 E ) is equivalent to 
77b ft lb This IS Joules equivalent Therefore since 1 H P 
hour = l 980 000 ft lb the required thermal efficiency is equal 
to — 

1 980 000 --0 35 

0 4 18 000^778 

From this it is seen that loughly one third of the heat 
supplied has been converted into useful work It is within the 
province of thermodynamics to determine what proportion of 
the heat loss is theoretically unavoidable and to what extent 
the performance of an actual engine approximates to that of 
an ideal engine working on the same cycle of operations It xs 
not proposed to give hero more than a brief summary of the 
physical laws relatmg to the behaviour of air under the m 

15 
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fluence of piessuie and temperatuie which foim the baMs of 
thermodynamic mvestigations 

Pressure Volume and Temperature of An — 1 he i cl it ton 
between these three quantities is expiessed by the foimuli — 

PV =63 2 xw xT — (1) where P=Pressuie in lb pci sq ft 

abs 

V = Volume in cubic ft 
w= Weight in lb of the 
quantity of an undci eon 
sideration 

T — Tempeiatuie in dcgiees 
abs P 


This relation holds good foi any condition of teinpei xtui t incl 
pressuie and for a specified weight of an given the v dues of 
any two of the quantities lepiesented by caiiitxl lettcis the 
third can be calculated 

Example Find the volume of 1 lb of an at atmosphciic 
pressure and 60 E In this case P = 1‘^ 7 lb pei sq in xbs 
T =60 +461 =521 abs P andw=l 


Hence 


63 2 x521 
14 7 xl44' 


13 1 cub ft 


Isothermal Expansion and Compression — ^T1 the tcm})( i \ 
ture remains constant duiing comjpiession oi cxpinsjon the 
process IS said to be isotheimal and the value of 1 in eqn xtion 
(1) becomes a constant quantity Thence foi isothoim il ])io 
cesses equation (1) becomes P V =constant (J) 

If 1 lb of air IS under consideration the v xluc of the const int 
IS equal to 63 2 times the absolute tempeiatuie 

Work Done during Isothermal Compression — ft ind 
Vi lepresent the piessure and volume before eoinjiussion 
and P and V the same quantities after cs-i) m ujii then — 


Work done =const 


log< 


Vx 

V, 


(i) 


the constant bemg that of equation (2) It should be boino 
m mmd (though the bare fact can only bo stated heu) that 
the internal energy of a gas depends on its temperatuie only, 
regMdless of the pressure It therefore follows that all the 
work done in isothermal compression must pass away as heat 
through the walls of the containing vessel and for this reason 
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isotheimal proces&es are not attainable m practice tbough 
they may be appioximatcd to by slow compiesbion in cylinders 
arranged for rapid conduction of heat 

Specific Heat at Constant Volume — If 1 lb of air is 
heated m a confined space i e at constant volume 0 169 
B T U are required to raise the temperature by 1 F This 
then IS the specific heat of air at constant volume For many 
purposes it is near enough to con idei the specific heat as 
constant though actually its value incica es slightly as the 
temperature increases The amount by winch the mueinal 
energy of 1 lb of air increases as the tempeiatuie rises is there 
fore — 

0 169 (Tg— Tj) where (Tj— Ti)=the increase of tcmpeia 

tuie 

Specific Heat at Constant Pressure — In this case on the 
other hand woik is done by expansion if heat is bcii g added 
and by compression if heat is being dischaiged const qnently 
the specific heat at constant piessure e cccds that at constant 
volume by the equivalent of the work done The specific 
heat at constant piessuie is 0 238 B T U per lb per degree 
Fahrenheit 

Adiabatic Expansion and Compression — Expansion or 
compiession unaccompanied by the transfer of heat to or fiom 
the air is termed Adiabatic It should be noted that the air 
may lose heat by doing external work or gam heat by having 
work done on it by the application of external foice duiing an 
adiabatic process but this heat comes into existence or passes 
out of existence withm the air itself and does not pass through 
the walls of the contaimng vessel 

The following relation holds good between the pressure and 
the volume during an adiabatic process — 

P V = constant (4) where n=iatio of the two specific 

heats VIZ —1 41 

Owing to the conductivity of the cyhndei walls adiabatic 
compression and expansion are not to be obtained in practice 
but it IS frequently possible to expiess the actual i elation 
between pressure and volume by means of equation (4) it suit 
able values are chosen for n A httle considei ation will 
shew that for compression with some loss of heat the value of 
n will be less than 1 41 and for expansion with some loss 
c 
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of heat gieatei than 1 41 An expinsion oi comx)iesision jn 
which the i elation between P and V is cxpicsscd by equation 
(4) IS known as a Poly tropic Process 

Work Done on Polytropic Expansion of Air — ^Ihe woik 
done is the integral of the pressuie with respect to the volume 
and if expressed in ft lb is given by — 


W: 


P,V,-P,V, _ 
n-1 


53 2 


(Tx-Ta) 
n — 1 


( 5 ) 


for 1 lb of air where the suffixes 1 and 2 have then usual 
sigmficance in denoting the state befoie and attei expansion 
the work done during a coriesponding compiession between 
the same pressures is of couise the same 

Temperature Change during Polytropic Expansion — By 
combining equations (1) and (2) the following is obtained — 


I? 



( 6 ) 


With the information supplied by the above six equations it 
IS possible to construct the Indicator Diagram coriesponding 
to an Ideal Diesel Engine in which all defects of combustion 
and heat losses to the cylinder walls are supposed to be 
ehmmated 

An Ideal Diesel Engine — Before proceeding fuither it is 
necessary to define what is to be understood by the term 
ideal engine for the purposes of this investigation In the 
first place frictional losses and all leal ago aie eliminated and 
compression and expansion are supposed to take place adiabat 
icaUy (n=l 41) The specific heats are supposed to be constant 
and the same whether for air or a mixture of air oi exhaust 
gases On the other hand the provision of compressed air for 
the purpose of fuel mjection will be recognised and conse 
quently the machine will have a mechanical efiiciency less than 
umty 

The compression in the air compressor will be regaided as 
isothermal and the compressor itself free of all mechanical or 
other losses 

It will also be supposed that all the exhaust gas includmg 
that contamed m the clearance space is ejected on the exhaust 
stroke and that every suction stroke fills the cylmder with air 
at 14 7 lb per sq in abs and 621 abs E The stroke volume 
IS taken for eonvemence of calculation at 100 cub ft 
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The Ideal Indicator Card — ^The indicator caid coiiespond 
mg to this ideal engine is now readily constructed and is shewn 
in Fig 8 

Point A denotes a volume of air equal to 100 cub ft plus the 
clearance space which has to be calculated 

Lane AB represents adiabatic compression from 14 7 lb 
per sq m to 514 7 lb per sq m abs 



Lme BC represents increases of volume at constant pressure 
due to addition of heat by combustion of fuel 

Lme CD represents adiabatic expansion of the products of 
combustion and DA the fall in pressure due to exhaust release 
It IS not necessary to deal with the exhaust and suction strokes 
as these are supposed to tal e place at atmospheric pressure 
Determination of Clearance Volume — 


From equation (4) 



= 11 45 Vg = 8 76 cub ft 

» B 

This determmes Pomts B and A 

Construction of Line AB — ^This is efiEected by calculatmg 
the pressure at various pomts of the stroke m accordance with 
the foUowmg schedule — 
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60 
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80 

28 75 
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90 

18 75 

5 79 
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96 

13 75 

7 90 
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6 
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6 

A t I L 
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7 

I (B) 117 

It I 

1 

0 000 

1 00 

14 7 

0 127 

1 >4 
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0 2S0 

1 00 

27 9 

0 t<)0 

1 00 

4 ) 5 

0 SI 5 

() ) 1 

0 , , 

1 075 

11 so 

174 5 

1 2()5 

IS 11 

270 6 

1 ,4 5 

1 , OS 

51 1 7 


This simple calculation is given in ckt xil as it is typic il 
Determination of Point c — ^Ihe v iluo of V <Uptnds of 
course on the amount of heat added TJie clTt ct of Iht oil itsi If 
in increasing the weight of the -vioil ing fluid will ht i^iioicd 
The blast air however will be td eu into coiisidii ilion and 
assumed to be equivalent to 8 cub ft of fice an 

The weight of air concerned has now to be c ileul itcd 

(1) Suction air 

From equation (1) w= " y Y^ =144 x-^ 7xlOS 7 > 

53 2xi 53 

(2) Blast air 

Weight of blast air = ~ ^ 61 lb 

suction air+blast air = 8 3 f-0 Gl~s 01 lb 

The efieot of the heat released by the combustion of the fuel 
IS to mcrease the temperature of — 

(1) The suction air (8 3 lb ) 

(2) The blast air (0 61 lb ) 


at a constant pressure of 514 7 lb per sq in abs 

The temperature of the blast air is taken to be 621 P abs 
and that of the adiabatically compressed air is found fiom 
equation (6) as follows — 




2 805 


Therefore Tb= 621 X 2 805=1460° F abs 
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Now let H =lieat added m B T U 
Then since the pressure remains constant 

H = 238 [8 3 (T —1460) + 61 (T* 
=2 12 Tc— 2961 

from which T 

2 12 

and fiom equation (1) 


-621)] 


T =- 


V = 


T x63 2x8 91 
614 7 Xl44 


= 0064 T. 


Now suppose that 0 2 lb of fuel is added having a calorific 
value of 18 000 B T U per lb the lesultmg temperature will 
be — 

0 2x18 000+2961 ^ 

^ X ^ 

and V = 0064x3100=19 8 cub ft 

The expansion line CD can now be constructed in the same 
way as the compression line both being adiabatics The value 
of the terminal pressure P<j is required for calculatmg the 
work done and is found by means of equation (4) as follows — 


/V '\i / 

w “V 


19 8 
108 75 


= 091 


Pd= 091 x514 7 =46 8 lb pei sq in abs 

Calculation of Work Done — Referring to Pig 8 the v, oiL 
done IS clearly equal to the aieas BCNM plus CDRN less BARM 
Usmg equation (5) foi the two latter we have — 

Area BCNM =144 x 514 7 x(19 8—8 76) =819 000 ft lb 

ODR N =144(514 7x19 8-46 8 X 108 76 ) ^ 

41 

By addition 2 619 000 

BARM =144(514 7x8 76-14 7 x 108 75) qOO 

41 

Work done by difference =1 699 000 


Since 1 H P hour =1 980 000 ft lb 
the fuel consumption is — 

0 2x1 980 000 r-crry t, 

— , — = 248 lb pel I H P hour 

1 699 000 ^ 
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From equation (3) the work done in compressing the blast air 
IS given by 


8x14 7xl44xlog 


914 7 
14 7 


= 70 000 ft lb 


(assuming blast piessure of 
900 lb pci sq in ) 


so the nett work done is 

1 599 000 — 70 000 = 1 529 000 ft lb 


and the consumption of fuel per B H P houi is — 

0 2x1 980 000 oemi t> tt o i 
-1 529 000 P” ® ^ 

The mechanical efficiency being i 0% 

The MIP of the diagiam is equal to the indicated work 
divided by the stroke volume 

— — . = 15 990 lb poi sq ft 

= 111 lb per sq m 


This IS about 10 to 30% higher thin the M F P usually, 
indicated at full load in an actual commorci il divine 
The brake thermal efficiency is given by — 


1 980 000 

0 259x18 000x778 


= 0 548 


A splendid figure for the biako thcimal efficiency of an 
actual engine of laige size is 0 compaimg this with the 
above figuie it is seen that the actual engine attains 04% of 
the efficiency attributed to the ideal The indicated thoimal 
efficiency of the ideal engine is — 

1 980 000 

0 247x18 000x778 ^ 

That of an actual engine at full power is about 0 472 the 
ratio of actual to ideal being about 82% From the above it 
will be seen that so far as the thermal actions within th( cvlmdt r 
are concerned an actual Diesel Engine in good order leaves 
comparatively httle room for improvement as long as the 
accepted cycle is adhered to As a matter of fact sbght 
from the constant pressure cycle are frt quently 
made and improved efficiencies obtained thereby Most high 
speed Diesels for example are arranged to give an indicator 
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card shewing a certain amount of explosive effect i e oomhus 
tion at constant volume causing the pressure at the dead 
centre to rise to a figure which may be anything up to about 
100 lb above the compression pressure This is found to have 
a beneficial effect on the fuel consumption which is readily 
explained on theoretical grounds but it is obvious that 
considerations of strength must limit the extent to which this 
principle is used 

Fuel Consumption at Various Loads — If the foregoing 
calculations for the fuel consumption of the ideal engme aie 


a. *0 05 


® <»03 



/O 20 30 40 50 60 70 30 90 100 I/O 120 

Indicated Mean Pressure IbS/ 

Fig 9 

repeated for various values of the quantity of fuel admitted 
results will be obtamed which are shewn graphically in Fig 9 
together with test results of an actual engme The fuel con 
sumptions per I H P and B H P hour are plotted on a basis 
of M I P the actual engine to which the test results refer was 
of the four stroke type developing 100 B H P per cyhnder at 
full load There are two facts to be noticed — 

(1) The fuel consumption per I H P hour mcreases as the 
M I P mcreases 

(2) The fuel consumption per B H P hour attams a nunimum 
value at about 90 lb M I P m the case of the actual engme 
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and about 60 lb m the case of the ideal The loason for (1) 
■wxU be evident on compaiing thcoietical diagiains for vaiious 
values of the M I P and the case is quite comp ir iblc to that 
of a steam engine woiking with an oaily cut oE 


The point of maximum bral e cfficKnc^ dcjiinds upon two 
conflicting influences vi’?’ the nidiciied ciluiiucy uludi 
decreases and the mechanical cflicicncy which incit ists is the 
M I P IS augmented 

It is usual 111 this countiy when eousuhnng nicfhiiiK il 
efficiency to tieat the uoik done in diiving the aii eompit sor 
as a mechanical loss so that — 

Mechanical efficiency — - -- -- — — - — , — 

1 H P of m iin eyhiidt i s 


Contmontal engineers on the othei hand soimtimis subti let 
the mdicated pouei of the compiessoi fiom tint of the niiin 
cylindeis for the puipo es of the above oqu ilion 

The usual British piactice will be adheicd to tlnougliout 
this book 

Variation of Mechanical Efficiency with Load — 1 \irniiia 
tion of a laige nuinboi of Diesel Engine test rt suits ils tlu 
fact that the diEoicnce between the IHP ind the J H 1 
remains ncaily constant as the load is vaiit d Tins i ic t ( in lib -t 
one to calculate the mechanical efficiency at any load if the full 
load efficiency is 1 nown 


Exa^iple 


What is the mcehamcal ofiiciency at three quaric i 
half and quartei load if that at full load is 72% ? let tlic full 
load I H P be repioseuted by 100 then the following t ibul it ed 
figures hold good — 


FuU load 

Three quarter load 
Half load 
Quarter load 




Const 

Mooh 

BHP 

IHP 

Dilf 

J llicy 

72 

100 

28 

72 

54 

82 

28 

t)b 

36 

64 

28 

5(> 

18 

46 

28 

39 


This method yaelds sufficiently accurate results for most 
estimating purposes 

Mechanical Losses — ^The work coirosponding to the differ 
ence between the IHP and the B H P is approximately 
accounted for in the two follow mg tables which apply to 
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medium sized engmes of good design and of the four stioke 
and two stroke types respectively — 

Eotjk Stkoke Engine — F ull Load Mech Efdey 75 % 


Per cent 

Brake work 75 0 

Work done on suction and exhaust stiokes 3 0 

Indicated compressor work 5 8 

Compressor friction 1 2 

Engine friction opening valves etc 15 0 


Work indicated m mam cyhnders 100 0 

Two Stroke Engine — ^F ull Load Mech Efficy 73 5% 

Per cent 

Brake work 73 5 

Indicated compiessor work 6 2 

Compiessor friction 1 4 

Indicated scavenger voik 3 3 

Scavenger friction 1 6 

Engine fiiction openmg valves etc 14 0 


Woik indicated in mam cylmdeis 100 0 


Improvements m beaimgs and guides on the piinciple of the 
well 1 nown Michell bearmg oi the use of lollei bearings foi the 
mam ]ournals and big ends suggest possibilities foi leducing 
engine friction which will possibly mateiialise in the future 
The adoption of some foim of limit piston ring to pi event 
excessive pressure on the Imers would also help matters in the 
same direction besides increasmg the hfe of the Imers 

Influence of Size on Mechanical Efliciency and Fuel Con 
sumption — ^Piston speed withm the range of present practice 
appears to have very little mfluence on either mechanical 
elficiency or fuel consumption This remark does not apply 
to the abnormally low speeds obtammg foi example with a 
marme engine turning at reduced speed 

The cyhnder bore is the prmoipal factor m economy always 
assuming a reasonable ratio of bore to stroke and good design 
generally 

The following table is a lough gmde to the meohamcal 
efficiency and fuel consumptions to be expected from cyhnders^ 
of various sizes working at full load 
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Fotte Stroke Two Stroke 


Cylinder 

Diam 

in 

Meoh 

EfEcy 

Fuel 

pel 

BHP 
hr lb 

Fuel 

per 

IH P 
hr lb 

Cylindei 
Di im 
in 

Mech 

EfCcy 

o 

Fuel 

per 

B E P 
hr lb 

Fuel 
per 
[ U P 
lu lb 

10 

70 

46 

320 

10 

68 

49 

332 

15 

73 

43 

316 

15 

71 

40 

326 

20 

76 

41 

308 

20 

71 

44 

322 

26 

76 

40 

306 

25 

74 

43 

320 

30 

76 

40 

305 

30 

74 

43 

320 


The fuel consumption per B H P at loads othei than full 
load IS readily found by first calculating the pi oh xblo raoch atiic il 
efficiency as described in the piovious aiticlc and then allow 
mg for a fall in the consumption per I H P pi oiioition il to th it 
shown on Pig 9 for a typical engine foi the same M I P 

Heat Balance Sheet — ^An elaborate tiial of x Ditsol h iigino 
includes the measurement of the quantity of cooling wxtei 
used the mlet and outlet tempeiatures of the watoi ind the 
temperature of the exhaust gases Apait fiom vciy slight 
losses such as radiation etc these data usuilly on iblc the 


heat supplies by the fuel to be accounted foi 

A typical heat balance is given below — Ter cent 

Accounted for by B H P i4 

Rejected to coolmg watei 2S 

Rejected to exhaust and othei wise dissipated 3S 

Total heat supplied 100 


A strikmg feature of this balance is the large amount of heat 
appearmg on the coolmg water account which at fiist sight 
would appear to mdioate very poor utilisation of heat within 
the cyhnder It has been shewn that so far from this being the 
case an actual engme m good order mdioates about 80 % of the 
work attributable to an ideal engme 

The explanation of this hes m the fact that a large propoi 
tion of the heat received by the coolmg water is given out by 
the exhaust gases after combustion is complete particularly 
on their passage through the cyhnder cover m the case of a 
four stroke engme and through the ports m the case of a two 
cycle Most of the fnction work done by the piston and all the 
compressor work appear on the coolmg water account 



THERMAL EFEICIENCY 


27 


Efficiency of Combustion — In all actual oil engines there is 
a considerable amount of after burning i e gradual burning 
during the expansion stroke In a well tuned Diesel Engine 
this effect is not sufficiently pronounced to cause smoke even 
at considerable overload 120 lb per sq m M I P for example 
Exaggerated after burmng is to be avoided as m addition 
to increasing the fuel consumption it increases the mean 
temperature of the cycle and of the exhaust stroke particularly, 
and gives rise to accentuation of all the troubles which arise 
from the effects of high temperature The most prominent of 
these troubles are enumerated below — 

(1) Cracking of piston crowns and cylinder covers 

(2) Pitting of exhaust valves 

(3) Increased difficulty of lubricating the cylinders lesultmg 

m — 

(a) Inci eased hner wear 

(b) Sticl mg of piston imgs 

(c) Liability to seizure of piston 

(4) Increase of tempeiature of gudgeon pin bearing 

The above formidable list is probably not exhaustive but is 
sufficient to shew the desii ability of securing the best possible 
conditions apart altogether fiom the question of economy in 
fuel and lubricating oil consumption The attamment of good 
combustion assuming a good volumetric efficiency of cylmder 
and good compression depends more than anything upon 
small points in connection with the fuel valve which are easily 
adjusted on the test bed provided the design of the fuel valve 
IS satisfactory 

Entropy Diagrams — ^Entropy is a convement mathematical 
concept which it is difficult and perhaps impossible to 
define m non mathematical terms It is sometimes described 
as that function of the state of the working fluid which remams 
constant during an adiabatic process Entropy increases when 
heat IS taken in by the workmg fluid and decreases when it is 
rejected If heat is supplied to the working fluid at constant 
temperature then the increase of entropy is equal to the 
amount of heat so supphed divided by the absolute tempera 
ture If the temperature is variable during the process of 
heat absorption then the increase of entropy is determmed by 
the mtegration of the equation — - 
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, _dH where ^=Entiopy 

1 H=Heat taken m or given out 

T = Absolute tempeiature 

The zero of entropy may be located at any convenient level of 
temperature except absolute zero It is convenient for our 
purposes to considei the entropy to be zero when 

P = 14 7 lb per sq in abs 
T=621 F 

The value of a diagiam connectmg T and 0 duiing the working 
cycle of an mternal combustion engine depends upon the 
foUowmg properties — 

(1) Increasing and dimimshmg values of <f> denote heat 

supplied and heat rejected respectively 

(2) For a complete cycle the diagiam is a closed figure the 

area of which is proportional to the quantity of heat 
which has been converted into work during the cycle 

The area of the diagram is given by — 

TdiH 

J T m — =B[i— Ha the difference between the heat 

supphed and that rejected 


Construction of an Entropy Chart for Air (see Fig 10) — 
The axis of T is drawn vertically and includes tcmpciatuies 
from 0 to 4000 F abs The axis of 0 is horizontal and is 
graduated from 0 to 0 35 It will be clear that the axis of T 
is an adiabatic hue of zeio entropy and that any selected 
temperature on this line coiresponds to a defimte prcssuie 
which can be calculated by means of equation (6) Actually 
xt IS more convenient to tabulate a senes of piessuies from 0 
to say 700 lb per sq in abs and tabulate the coirespondmg 
temperatures Pomts on the axis of T found in this manner 
are the starting points of constant piessure lines 

Constant Pressure Line P = 14 7 lb per sq in — A 

constant pressure hne is a curve connectmg T and when P 
remains constant It is usual to consider 1 lb of an and if 
the specific heat at constant pressure is assumed to be 0 25 
ThendH=0 25 dT 


And d^ 


dH 

T 



Therefore <p— 25 log^ 


’El 

Ti 


-Ti being 621° F abs 
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Selecting vaiious increasing values of Tg coiiespondmg values 
of 0 are calculated and plotted on the chart a fair curve 
passing through the points being the loquired constant pressure 
hne One such line having been constiucted hnes coirespond 
mg to other pressures are readily diawn since their ordmates 


Pounds per Sq In Absolute 



Fig 10 


are proportional to the temperatures mdicated by their starting 
points 

Constant Volume Lines — ^These can be constructed m a 
similar manner using the specific heat at con tant volume 
instead of that of constant pressure On Fig 10 only one 
constant volume line is shewn viz that corresponding to 

P = 14 7lb per sq in 
T=673 F abs 

as this IS required to complete the diagram by representing the 
rejection of heat at constant volume at the end of the stroke 
This process is of course a scientific fiction as the pressure in 
an actual cyhnder is reduced to approximately atmospheric 
pressure by the discharge of exhaust gases and not by cooling 
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the latter The reason for using the value 0 2 j for the specific 
heat must now he explained Although the specific heat of 
pure dry air is 0 238 that of the gases present in the cylindoi 
of a Diesel Engine is a variable quantity for the following 
reasons — 

(1) The composition of the workmg fluid is altoiod by the 

addition of the fuel 

(2) The specific heat of the exhaust gases increases shghtlj 

with mcrease of temperatuie 

If these variations weie rigidly taken into account the con 
struction of the entropy diagram would be a very laboiious 
busmess and the work is greatly curtailed by adopting ccitain 
approximations which will be described In the fiist place 
the specific heat is assumed to be constant and equal to the 
calculated specific heat of the exhaust gases at CO 1 The 
variation in the weight of the working fluid is dealt with by 
first treatmgthe diagrams as though the weight wcie constant 
and then correctmg the diagiam (entropy) by inci casing the 
entropy and decreasing the absolute tempeiatuio of points on 
the expansion hne m the same propoition by which the fuel 
and blast air mcrease the weight of the chaigo 

Use of the Entropy Chart — A method of constiucting the 
entropy diagram corresponding to an indicatoi caid will now 
be described The clearance volume of the engine must fiist 
be ascertained and the card accurately cahbiated Points on 
the indicator diagram are then marked coi responding to ovciy 
16 or 30 or other convenient division of revolution of the 
Clank past the top dead centre Each of the 12 ot moit points 
so marked is given a reference number and the absolute 
pressure m lb per sq m and also the volume in any aibitr viy 
umts (himdiedths of an mch on the diigtam foi instincc) 
corresponding to each point is read ofl and tabulxtcd The 
apparent temperature corresponding to each point is then 
calculated by means of equation (1) on the assumption th it the 
mitial tempeiature ]ust bef 01 e compression is say 67 3 b ibs 

Pomts on the entropy diagram coi responding to the sc keted 
pomts on the indicator diagiam are now found by followiiij, 
the appropriate constant pressure lines until the cilcnlattd 
temperatuies are reached thus obtaining the apparent entiopy 
diagram which requires to be corrected m accoi dance with 
the preceding article 
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The entiopy diagram shewn m Fig 10 has been constructed 
in the manner desciibed and the data are given below — 

M I P shewn by indicator diagram 82 lb per sq in (see 
Fig 11) 



Imtial temperature of suction air before compression 
assumed to be 673 F abs 

Absolute temperature (apparent) calculated from PV =LT 
wheie P=Pressure in lb per sq m abs (scaled ofE diagram) 
V = Volume measured m Imear inches off diagram 
T= Temperature in degiees F abs 
Initial conditions are P== 14 7 V=6 38 T = 673 

Whence k= 1395 

Figures are given in the table below — 


Pef No 

Degree after 
fu ng cent e 

V n 
in 

P n 

lb per sq n 

' Apparent 
Ten pe ature 

1 

0 

0 48 

490 

1690 

2 

15 

0 63 

498 

2260 

3 

30 

0 95 

421 

2880 

4 

45 

1 53 

251 

2760 

> 

60 

2 17 

163 

2540 

6 

75 

2 94 

114 

2400 

7 

90 

3 75 

84 

2260 

S 

105 

4 56 

65 

2130 

13 

180 

6 38 

14 7 

673 

19 

265 

2 94 

44 

930 

20 

300 

2 17 

61 

950 

21 

315 

1 53 

99 

1090 

22 

330 

0 95 

184 

1250 

23 

345 

0 63 

331 

1600 
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The apparent entiopy diagiam was plotted from the above 
values of P and T and the corrected diagram constructed in 
accordance with the preceding article is shewn in Eig 10 
Area of corrected entropy diagram 9 90 sq in 

Temperature scale 1 in =500 

Entropy scale 1 in = 05 

Therefore work done per lb of suction air is given by — 


9 90x500x0 05 = 248 B TU 

1 lb of suction an @ 673 P abs occupies 16 9 cub ft Since 
oleaiance volume = 8% of stroke volume therefore corre 
spondmg stroke volume = 16 9 — 1 08 = 15 65 cub ft There 
fore work done by suction air according to the mdicatoi card 
@ 82 lb per sq in M I P is given by — 


82 X 144 X 15 65 
778 


238 B TU 


This figure is about 4% less than that shown by the entropy 
chart and suggests that perhaps the assumed tom]ioi liurc ot 
the suction air befoie comxnession (viz 673 F abs ) is too 
high which is very probable 


Note — ^The low pressures at the beginning of the compression 
stroke and the end of the expansion stroke have not been used 
in the construction of the entropy chart for the following 
reasons — 


(1) Low pressures are very difficult to scale off the indicator 

caid with any degree of accuracy 

(2) The low pressures indicated on the card are invariably 

erroneous unless the gieatest caie has been exorcised 
m taking the card and that with a suitable indicatoi 
in perfect Older Many of the reputable makes of 
indicator though quite suitable for steam engine woil 
give very inaccurate results -when applied to internal 
combustion engines 

The following pomts should be noticed — 

(1) The compression hne deviates from the tiue adiabatic in 

a manner which indicates that heat has been lost to the 
cyhnder walls 

(2) The expansion does not become adiabatic until well after 

half stroke shewing that there is a certain amount of 
after burmng 
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Area of Entropy Diagiam — If the diagrim has been caie 
fully done the aiea of the diagram in heat umts should coire 
spond fairly closely to the woiL she\’v n on the indicator diagram 
Deviations from equality may be due to — 

(1) Variation in the specific heat at high temperatures 

(2) Incorrect assumption of the imtial tempeiature of the 

induced air 

Owing to the approximations leferred to above theie is 
generally a discrepancy of a small pcicentage between the 
amounts of work shewn by the indicator card and the entiopj 
diagram Also the total area under the upper boundary of the 
entropy diagram should correspond to the total heat supplied 
per lb of suction air less the heat discaided to the water jacket 
on the expansion stroke Investigation of the sort described 
seems to indicate that not more than about 10% to 15% of 
the total heat supplied by the fuel is lost in this way at 
100 lb M I P 

Specific Heat of Exhaust Gases — ^The specific heat of a 
mixture of gases is the sum of the pioducts of the specific heats 
of the constituents mto the proportion by weigxit in wl ich the 
constituents are present 

The specific heats (at constant pressure) of the constituent 
gases present in the exhaust of an oil engine art, given below — 


Water vapour 

0 480 (Varies considerably with 

Nitrogen 


0 247 temperature) 

Oxygen 


0 217 

CO 2 


0 210 (Varies considerably wuth 

CO 


0 240 temperature) 

The avciage composition of air and the specific heat derived 
from that of its constituents are given below — 



75 7%x0 247= 187 


o. 

22 7 xO 217= 049 


H 0 

1 5 xO 480= 007 


Total 

100 243 


This is about 3% higher than the accepted value for puie 
dry air 

The approximate composition of exhaust gases assuming 
complete combustion is readily calculated as follows — 

Data M I P —100 lb per sq m 

D 
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Fuel pel I H P hour— 0 31 lb 

f Carbon 86% 1 

Composition of fuel \ Hydrogen 13% Y by weight 
(assumed) I Oxygen 1% J 

OneHP hour = 1 980 000ft lb ^ ^ ^ ^ 

Volume swept by piston per I H P hour ^ 

= 137 5 cub ft 

Clearance volume say 8%= 110 


Total weight of suction air = 148 5 


Weight of suction anr = 


148 5 X 14 7 X 144 
53 2 X 673 


(assuming perfect 
scavenge of clear 
ance space) 

8 781b @ 212 F 


Free volume of blast air @ 8% of stroke volume 

= 08x137 5 = 11 cub ft 

_ . 11 Xl4 7X 144_^ 

Weight of blast air=< __ 2x5^ 


60 F 


Total air =8 78+0 83=9 61 lb = 97% 
Weight of fuel =0 31 = 3% 

Total mixture 9 02 100% 


Composition of mixture before combustion is given by 

rN, 76x97=73 7% 

!(22 7x97) + ( 01x3) =22 0% 
015x97= 1 5% 
86X3= 2 5% 
13X3= © 4% 

100 1 % 


Air I 

( H O 


Cbmbustion of carbon and hj drogen takes place m the pro 
portions given by — 

C+Oa=COa 

12+32=44 by weight 

And H2+0=H20 

2 + 16 = 18 by weight 
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The following table shews the composition aftei combustion 
and the specific heat (constant piessuie) of the mixture — 



Per cent 

Specific heat 

Product 

73 7 

X 

247 = 

1820 

COa 2 6 x44— 12 

Oa 22— (32 X2 5 — 12) 

9 2 

X 

217 = 

0191 

—(16 xO 4—2) 

12 1 

X 

210 = 

0254 

HaO 1 6— (18 xO 4—2) 

5 1 

100 1 

X 

480 = 

0245 


Specific heat of exhaust gases = 2510 


Repeating the above calculation foi different values of the 
M I P the following figures are obtamed — 

M I P lb per sq m 0 30 45 7o 105 130 15o 

Specific heat 245 247 248 250 252 254 256 


Literature — For thermodynamics of the mteinal combus 
tion engine consult — 

Wimperis H E The Internal Combustion Engine 
Judge A W High Speed Internal Combustion Engines 
Clerk Sir Dugald The Thermodynamics of Gas Petrol 
and Oil Engines 

In test results see the numerous articles appearing in the 
technical periodicals and deahng with the recent types of heavy 
oil engine for stationary and marine purposes more especially 
M'rig%neer%ng and MotorsJit^ 
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EXHAUST SUCTIOlSr AHX) SCAVENGE 

Renewal of the Charge — In the theoictical study of heat 
engines the charge of working fluid is supposed to lomain 
enclosed in a working cylinder and to undergo a cyclo ot 
physical changes due to the introduction of heat fioin and 
discharge of heat to external sources by conduction through 
the walls In actual engines of the internal combustion typo 
one constituent of the charge viz the oxygen tal cs an active 
part in the chemical processes which constitute the source of 
energy In such engines therefore the air charge must be 
renewed peiiodically In all existing types of oil engine the 
chaige is renewed as completely as possible for eich cyclo of 
thermal changes 

The way in which this is done in four stiol e and two strol c 
Diesel Engines has been described in general tei ms in Chapter I 
In the present chapter it is proposed to discuss the questions 
of the discharge of exhaust gases and the introduction of a 
new air chaige from the quantitative point of view apait from 
the consideration of the mechanical details such as valves 
cams etc of which these processes involve the use 

At the outset it will be necessary to state in a foim con 
vement for apphcation the laws governing the flow of gases 
through orifices 

Flow of Gases through Orifices — Fig 12 is intended to 
represent a chamber containing gas at a piessuro and tempera 
ture mamtained constant at the values Pi and Ti and from 
which a gaseous stream is issuing through an orifice into the 
surrounding space which is filled with gas at a constant pressure 

P. 

In the first mstance it will be supposed that Pi is very much 
greater than Pa Then according to the elementary theory of 
the flow of gases it can be shown that if the gas composing the 
stream expands adiabatically and all the work done is expended 

36 
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in increasing the kmetic energy of the stieam then the velocity 
of the latter will inciease as expansion proceeds and attain a 
maximum value given by — 

V = \/2g JKp (Ti-Ta) =109 5V(Ti-T ) (1) 

where — 

V =maximum velocity of stream in ft /sec 
g =32 2 ft /sec 2 (acceleration due to gravity) 

J = Joules equivalent (778 ft lb /B T U ) 

Kp=Specific heat at constant piessure (for an Kp= 238 
BTU/lb deg E 

T 2 =Temperature attained by the stieam after adiabatic 
expansion fiom Pj to Pg and is given (for air) by — 

/PAO 285 

( 2 ) 

In equation (1) the velocity in the chamber is supposed to be 
negligibly small compared with V Eor values of Pi up to 


P2 


Fig 1 

70x144 lb pel sq ft Pg being atmospheiic equation (1) has 
been found to agree with experiment withm two or three per 
cent which is ample accuiacy for our purpose 

It may however be mentioned in passmg that experiments 
at high pressures and particularly with steam indicate that 
the elementary theory on which equation (1) is based stands 
in need of correction 

It IS to be observed that equation (1) is equally vahd for any 
stage of the expansion of the stieam so that if any pressure 
value P be selected lymg between P^ and P 2 then the 
velocity at this stage will be given by equation (1) with Pa 
substituted foi Pg If values of the velocity V^^ be calculated 
for various values of P^ and the specific volumes v^ corre 
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spending to these values then the ratios ^ wiU be propoitional 

•'a 

to the areas of the stream at the several stages of expansion 
On making such a calculation it will be found that the aiea of 
the stream at first contracts and afterwaids convex ges to a 
final value corresponding to the maximum velocity In othei 
words the stream has a neck or throat as shown m luj, 12 
The pressure Po at the throat is known as the ciitical x>iosbuio 
and foi an is equal to 0 63 P^ 

Eurthermore it is evident that if P^ is equal to P (i con 
tingency which was ruled out at the begmnmg of the discussion) 
then the stream will converge to its throat aiea and lomain 
parallel mstead of diverging 

Supposmg agam that Pa<P it is evident thxt for a given 
size of orifice the disohaige will be a maximum if the thro it of 
the stream occurs at the orifice and in this case the discharge 
in lb per sec will be given by — 

Q=AVWe (3) 

where Q =discharge m lb per sec 
A=area of orifice — ft ^ 

Vo =throat velocity — ^ft /sec 

Wo =weight in lb per cub ft of the air at the conditions 
of temperature and pressure obtainmg at the 
throat 

So that the discharge is independent of the back piessure P 
so long as P 2 <Po 

On the othei hand there is no guaiantee that the thioat of 
the stream wall coincide with the orifice in every case so that 
in general the discharge given by equation (3) hxs to bo multi 
phed by a discharge coefficient less than unity m older to give 
the discharge observed by experiment 

For an and exhaust gases the following figuies miy be 
used — 

Discharge coefficient for sharp edged oiifices oi poits — 0 65 

mushroom valves 0 70 

The velocity calculated fiom equation (1) multqdied by the 
appropriate coefficient may conveniently be c xllc d the ipjxarcnt 
velocity lefened to the actual area of tho ox ifice 

The Suction Stroke —By way of application of tho pi ecoding 
formulae we may consider the suction stroke of a Diesel Engine 
The retieatmg piston creates a partial vacuum and air passes 
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in from the atmosphere via the inlet valve in consequence 
Supposing it IS desired to hmit the pressure difference to 1 lb 
per sq m then — 

Pi=14 7x144 p 2 = 13 7 x144 Ti=say 520 E abs 

/13 7\0 285 

Then Ta =5201 ^ I =509 7° F abs 

And V=109 6V520— 509 7=351 ft /sec 
Using a coefficient of 0 7 for the value the apparent velocity 
referred to the valve area is 

361 xO 7=246 ft /sec 



147 137 127 117 107 37 87 77 67 57 

Suction Press re Lbs IN® Absolute 
Fig 13 


If the piessuie difference is to be constant at 1 lb /m ^ then 
the value and its operating cam must be so designed that 
Instantaneous piston speed (ft /sec ) =Instantaneous valve area 
246 ~ Piston area 

As indicated in Chapter I it is better to allow the inlet valve 
to open before the inner dead centre and in order to obtam a 
ynp -yimiiTYi charge of an the valve should not seat until 20 or 
30° after the outer dead centre has been passed 

Fig 13 which IS a curve connectmg calculated velocity and 
suction pressure is the result of repeatmg the above for 
different values of Pg on the assumption that 

Pi=14 7 xl44 and Ti=620 F abs 
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Scavenging of Two Stroke Cylinders — ^Before the scavenge 
air supply is put into communication with the cylinder 
whether by valves or ports the exhaust slots should have been 
sufficiently uncovered foi the cyhnder pressuio to have fallen 
to practically atmospheric pressure As will be shewn later 
this takes place with great rapidity owing to the high tempcia 
tuie of the gases On this account the introduction of scavt ngi 
an may be assumed to take place against a picssuio diffciin^ 
but very shghtly from atmospheric This howevti does not 
apply to the later stage of the process in those valve scavenge d 
or controlled port scavenge engines in which scavenge air is 


Back Pressure 15 Lbs / In2 



forced into the cylindei after the exhaust poits have been 
covered Dmmg this latter stage the cylindci picssuic con 
tmuaUy increases until eithei the scavenge valves (oi poits) 
close and compression begins or until the cyhndoi contents 
and the scavenge air supply are in equihbiium 

The first stage of the process may be dealt with in a similai 
manner to that mdicated in the preceding ai tide and hig 14 
shews the calculated throat velocity of the scavenge air plotted 
against the absolute scavenge pressure on the as&umi>tion that 
the back pressure IS 15 lb per sq in abs and the tempi rituio 
of the scavenge air supply is 130 F (591 F abs ) this being 
a good average figure found in practice 
Before applying the above to a concrete example some 
observations will be made on port and valve areas 
If a fluid floiys for ^ time t tlirough an onhee of constan't 
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area A with a velocity V then the volume v 
discharged is evidently given by — 

v=V (Axt) 

If on the other hand A is vaiiable then 

v=V/Adt 

The quantity J'jk dt known as the time integial of the aiea 
IS readily found by plotting A as ordinate against t as 
abscissae as in Fig 16 which exhibits the opening area of a 
valve from the time it hfts (t =o) to the time it seats 

The time integral of the valve area for the whole interval is 
the area under the curve For any other interval from say 
t=ti to t=t 2 the time integral of the area is the aiea bounded 
by curve the axis of t and the two ordinates vhich define 



tj and ta This aiea is shewn shaded on the diagram for 
particular values of tj and tj 

It IS often convenient to take as the unit for t y^T^th sec 
or -rtVvtfi sec or even 1 degree of revolution of the crank shaft 
Also it IS very convenient to plot on a t base a curve 
whose ordinates represent fK dt from t =o 

This has been done on Fig 15 It will be noticed that 
between the mstants t=ti and t=t 2 the value of yA dt has 
increased by an amount X The volume discharged between 
these instants would therefore bo (X V) 

Example of Scavenge Calculation — ^Data for two stroke 
engme — 


Bore of cylinder 

10 

Stroke 

15 

Hevolutions per minute 

300 
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Two scavenge valves 3 J diam maximum lift 1 opening 25 
before bottom dead centre and closing 60 after Lift curve 
harmomc i e the hft plotted on a time base is a sine cuive 
Exhaust ports occupy 60% of the circumference of tho cylindci 
bore and become uncovered by the piston 16% bcfoio the end 
of the stroke The connecting rod is 5 cianks long Fig 16 
has been drawn to shew the relation between percentage of 



Fig 16 


stroke and the number of degrees between the crank position 
and the bottom dead centre From this diagram it will bo sec n 
that the ports are uncovered 50° before B D C and covticd 
again 60 after B D C Compression space 7% of tho strol c 
volume Free air capacity of scavenger 50% in excc s of stiol < 
volume of impulse cyhnders 


Q, , , 786x102x15 

Stroke volume 

iTiwo 

=0 68 ft 3 

Compression space =0 07 xO 68 

==0 05 

Stroke volume + compression space 

=0 73 

Volume of scavenge air (at atmospheric 


pressure and temperature) dehvered per 
oyhnder per revolution =0 68 x 1 5 

==1 02 

Maximum exhaust port area 


_0 6xirxl0x0 15x16 
144 

=0 295 


Maximum scavenge valve area 
_2X7rx3 5x1 

144 


=0 163 ft 2 
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Intermediate values of the exhaust port and scavenge valve 
areas have been plotted on a crank angle base on Eig 17 

Number of seconds correspondmg to 1 degree of revolution 
of the crank shaft 


60 ^ 1 

m 000556 sec 


In Fig 17 values of / A dt for both exhaust and scavenge 
areas have been plotted m accordance with the preceding 
article In particular since the scavenge valve bft is harmonic 



th"’ mean area is one half the maximum and the final value of 
J' K dt IS given by — 

54 ^ XO 000556x86 =10 ^ X 3 61 ft * secs 

And since the port area curve is nearly parabohe the 
maximum value ofy A dt foi the ports is given by — 

0 295x| XO 000656x100 =10 ®X 10 94 ft ® secs 
The intermediate values are readily found by planimetering 
the areas under the port and valve area curves 

Scavenge Air Pressure — K first approximation to the value 
of the pressure in the scavenger air pipe required by the condi 
tions of the problem is readily obtamed on the assumption 
that the scavenge air is dehvered agamst a constant pressure 
of 15 lb per sq in abs 

Volume discharged = 1 02 ft ® 

yAdt =3 61x10 ® 
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Appaient velocity 


1 02x10 5 
3 61 


283 ft /sec 


Dividing by a discharge coefficient of 0 7 the 
calculated velocity is 283 — 0 7=406 ft /sec 
and the corresponding scavenge air pressure from hig 14 
IS — 

16 35 lb per in ® abs 


This figure cannot however be accepted as final since the 
effect of dischargmg the excess of air thiough the exhxust poits 
has been ignored 

Assume for trial a scavenge pressure of 17 lb per in abs 
The calculated velocity from Fig 14 is 498 ft /sec and the 
apparent velocity 

=498x0 7=349 ft /sec 

The value of^A dt which must be attained to fill the stroke 
volume and clearance space (0 73 ft is therefoie — 


0 73 
349 


=2 09x10 3 


This corresponds to point A on Pig 17 and shews that wilh 
the assumed scavenge pressure the cylinder would bo filled 
with scavenge air at about 21 after the bottom dead oentii 
From this pomt until the point where the exhaust poits are 
covered three processes are occurring simultaneously viz — 

(1) Scavenge air is esoapmg out of the exhaust ports 

(2) Scavenge air is entermg the oyhnder and raising the 

pressure of its contents 

(3) The piston is rismg and reducing the volumt of the 

cyhndei contents at the same time tending to i iisi 
the pressure 

The pressure which exists m the cylinder at the instant at 
which the piston covers the ports may conveniently be termtd 
the imtial charge pressure and will be denoted by Pj 
Now if the value of Pj were equal to the scavenge piossuii. 
which IS its upper hmit the amount of air introduced into tlic 
cyhnder m the interval under consideration would be about 
equal to — 

fy^A dt (from 21 to 60® after B D 0 ) x 349 
(for valves) 


EXHAUST SUCTION AND SCAVENGE 


45 


From Fig 17 yA dt for this inteival is 1 4x10 ■» so the 
volume introduced is 


f X 1 4 X 10 3 X 349 = 0 326 ft ^ 

Adding to this the volume already introduced viz 0 73 ft ^ 
we obtain 1 066 ft ^ which is a trifle in excess of the required 
quantity 

1 he value assumed for the scavenge pressure viz 171b /in ^ 
abs therefore seems to be not far out 

The precise value of Pj is a matter of considerable im 
portance as on it depends the value of the charge weight and 
consequently the power capacity of the cylinder Its pre 
determination however appears to be a difficult matter and 
in practice it is usually adjusted experimentally by advancing 
or retarding the scavenge cam according as the value of Pj 
found by light spring indicator diagram is too low or too high 
In the former case an adjustment is easily effected by putting 
a baffling diaphragm in the exhaust pipe 

The above calculations however are a sufficient check on 
the design to ensure the provision of suitable valve or port 
areas 

The volume (@ 15 lb /in ^ abs ) of scavenge air lost through 
the exhaust ports is loughly equal to 

^ / a dt (from 21 to 50 after B D C ) x 498 x 0 65 
(for ports) 

From Fig 17yA dt for this interval is 2 15 x 10 ^ ft ^ sec 
so the volume required is 

ix2 15x10 3x498x0 65=0 23 ft » 

So that the air charge is equivalent to (1 02—0 23) =0 79 ft * 
@ 151b per sq m abs 

Its actual volume at the point when the piston covers the 
ports IS 0 05 + (0 85x0 68) =0 63 ft » 
and its pressure is therefore about 


16x0 79 
0 63 


= 18 8 lb 


/in ® 


This figure being 1 8 lb /in ^ above the assumed scavenge 
pressure of 17 lb /in ^ indicates that the latter figure is m 
sufficient for the supply of the reqmsite quantity of air under 
the conditions specified Further trials on the above hnes 
give a probable value of 18 lb /m ^ 

Exhaust of Two Stroke Engines — As already mentioned, 
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it IS essential tliat the scavenge receiver should not bo put into 
oommunication with the cylinder until the contents of the 
latter have fallen to a pressure almost equal to that of the 
scavenge air by the release of the products of combustion 
through the exhaust slots This process usually tal es a period 
of time equivalent to 20 to 30 degrees of revolution of the 
crank shaft The calculation of this peiiod is much facilitated 
by the fact that in the interval considered the poit area is 
mcreasmg very approximately m proportion to the time (see 
Eig 17) It can easily be shewn that if during an interval from 
t =o to t =ti an orifice area increases uniformly with respect to 
time from O to Aj and the velocity of efflux also vanes uni 
formly with respect to time from Vq to Vj then the discharge 
IS given by — 

Q=^MVi + ’V„) (1) 

If A represents ft ^ t secs and V ft /sees of an incom 
pressible fluid then Q represents cub ft 

If as m the case we are about to considoi V repicsents 
lb per sec pei unit of area then Q represents lb Wo proceed 
to apply equation (1) to the exhaust peiiod of the two stroke 
engme specified m the previous aiticle 

Exhaust Calculation — Data Cyhndei piessurc it the point 
at which the ports become uncovered GO lb /in abs J t mpoi a 
ture at the same point is equal to 

imtial charge temperature x 60 670 x CO 

— S £ = gr,,y 

imtial charge pressure ] S 

= 2240°E abs 

Pressure m exhaust pipe 15 lb /in abs 

Problem To find the position of the cranl when the 
cyhnder pressure has fallen to 18 lb /m “ abs 

Assume that the charge has the thermal pioporties of pure 
air and that the expansion is adiabatic 

At the mstant when the ports first become open the volume 
of the charge is — 

0 05 +0 86 xO 68 =0 63 ft » 
and the weight of the charge is — 

(60 X 144x0 63)— (53 2x2240) =0 0456 lb 
When the cyhnder pressure has fallen to 18 lb /m ^ abs the 
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volume IS not ceitainly known but will not differ much from 
0 06+0 92 xO 68=0 675 ft ® and its tempeiature will be — 

( 18\ 286 

=1590 F abs 


and the charge weight is reduced to 

(18 X 144 xO 675) -(63 2 x 1690) =0 0207 lb 
The weight discharged m the interval is therefore — 


0 0466—0 0207=0 0249 lb 


The next step is to calculate the rate of dischaige per umt 
of port area 

At the higher piessure of 60 lb /in ^ the thioat pressure is 
0 63 x60=31 8 lb /in ^ abs and the throat tempeiature is — 

( 31 8 \° 285 

1^) =1870 F abs 

60 0/ 

The calculated throat velocity is therefore — 

109 6 V2240— 1870=2110 ft /sec 
and the appaient velocity =2100 xO 65=1365 ft /sec 


Now the specific volume at the throat is — 


53 2 X 1870 
31 8 Xl44 


=21 8 ft 2 per lb 


The rate of discharge is therefore — 


1365 
21 8 


=62 7 lb pel sec per ft 2 of port area 


At the lower pressure of 18 lb /m 2 the throat pressuie is 
15 lb /m 2 abs and the throat temperature is — 

( 15\0 285 

=1610 F abs 

The calculated throat velocity is therefore — 

109 SVISOO— 1510 =978 ft /sec 
and the apparent velocity =978 xO 66=636 ft /sec 
Now the specific volume at the throat is — 


63 2 X1610 
16x144 


=37 2 ft 3 pel lb 


and the rate of discharge is therefore — 

035 

— — - =17 1 lb /sec per ft 2 of port area 

Ut 
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We now make the assumption that the rate of discharge 
per umt area changes its value fiom the highti to tlic lower 
value umformly with respect to time so that equation (1) 
can be apphed We then have — 

0 0249 =:^^ ^17 1 +^) 

from which ti = 10 ® x 1 54 

and fK dt = 4 Aj ti (approx ) = 10 ®x0 77 ft ® sec 

Reference to Eig 17 shews that this value occuis about 
18 degrees after the ports begin to open 

Alternative Method of Calculation — 


Let 

t=time m seconds countmg from the instant when the 
ports begm to be uncoveied by the piston 
P=pressure of cylinder contents m lb /ft dming the 
period considered so that P varies from 60 x 144 to 
18 X 144 


T =temperature of cylinder contents deg F abs (vaiiable) 
w=weight m lb of cylmder contents (variable) 

A=port area in ft ® (variable) 

volume in ft ® of cylinder contents (actually vanes 
during the period considered but treated as constant) 
=0 65 ft 3 


V =specific volume in ft ®/lb at the throat of the stream 
issmng from the ports 
V =throat velocity in fib /sec 
dP 

f (I*) — A=the rate of pressure drop per unit of poit area 


then — =f(P) xA 


f(P) has now to be calculated 

Pv=53 2wT P = 

dt 

dP dt ) 


53 2 


w T 


and ~ 

_53 2 - 

dw 

dt 

V * 

V, dt 


_53 2 . 

dw 


V * 

^ dt 


+w 

+w 
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so that 


63 2 53 2 rp dw 

V \ dt / V dt 

"Z 6j2 dTN ~ P dT\ 

V dP/ T dP/ 


„ dw . V 
Now =A — 
dt V 


( p \ 0 285 , , 

where T and P are the initial 
values of T and P 

dT 0 285 T P'o 285 i) 
dP~ Po“ 

P dT 

and = -:rT=;=0 285 (i e constant) 

T dP 

j p 53 2 V 

so that f(P)=5£— A= V ~ 

0 715 

Values of f (P) are easily calculated for evenly spaced values 

f dP 

of P and the integration of I-htwv can he efiected by Simpson s 
rule 

The table on page 50 shews the application of this method 
to the example of the preceding article 

P =60 lb /in 2abs T =2240 F abs V=0 66 ft * 

For convemence P has been expressed in lb /in instead of 
lb /ft so that a factor of 144 is required Since the mterval 
between successive values of P is 10 5 lb /in * we have — 

^p 

/A dt=^ = 10 5x144x96 18x10 ^ 

=0 485x10 3 

Dividing by the discharge coefficient 0 6o the required value 
of JA dt IS — 

0 485x10^^q ^ 2 ggj. _iooo 

0 65 

which agrees with the value obtained previously within about 
4% 

The value of the discharge coefficient (0 65) has been found 
by comparing the results of calculations similar to the above 
with the information afforded by hght sprmg indicator cards 


=0 74 ft 2 sec —1000 
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It IS also in good agreement with experiments on the flow of 
gases through sharp edged orifices It is by no means e sy 
however to obtain light spring mdicator diagrams which are 
at all reliable with an ordinary mdicator The fall of pressure 
IS so rapid that the shape of the card is distorted by very little 
mdicator stichmess and oscillations are almost inevitable 
With care the latter may be approximately allowed for 
but cards shewing appreciable indicator stickmess must be 
rejected These troubles may be largely eliminated by using 
an optical mdicator which is perhaps the only instrument 
well adapted to this class of investigation 

Eig 1 8 shews a light spring diagram taken from a two stroke 
Diesel Engine with an ordinary mdicator in good order 



Literature — ^Funck G Two Stroke Engines with special 
reference to the Design and Calculation of Ports — j^uto 
moh%le JBj'ng%neering May 1918 et seq 

Fetter H The Escape of Exhaust Gas in Two Stroke 
Engines — Engtrieerxng January 4th 1918 

Thompson Clarke Pesearch Air Flow thiough Poppet 
Valves — ^Peport to US Nat Advisory Committee for 
Aeronautics See Mng%neeT%ng January 10 th 1919 



CHAPTER IV 


THE PRUsTGIPLE OP SIMILITUDE 

The propel ties of similai structiiies under equivalent condi 
tions have been known for a long time ind xi o implied in most 
of the empirical formulse used m machine design At the 
same time there is a great deal of misconception about the 
matter in the minds of many to whom a coriect appiociation 
of the principles of similitude would be of considerable value 

Definition of Similar Engines — ^hor the pur]ioscs of this 
discussion two or more engines are said to be similai when the 
linear dimensions of every part of one engine beai a constant 
ratio to the Imear dimensions of the corresponding parts of tlie 
other engine or engines Statmg the same condition in xnother 
way any dimension of any part (the diameter of the gudgeon 
pm for example) can be expressed as a fiaction ot pjo])oition 
of some other dimension (the cylinder boie foi examxilc) this 
fraction or proportion being constant for all similai engines 

It follows from the above that two engines to be similar 
must have the same bore to stioke ratio 

In practice there are a considerable numbei of deviations 
from strict similarity between different sized engines of the 
same type built by the same maker a few being noted 
below — 

1 The bore to stroke ratio is subject to variation 

2 Thicknesses of metal generally bear a larger fi actional 

ratio to the cylinder bore m small engines than m largei 
engmes 

3 Studs bolts and other small gear are made relatively 

heavier in the smaller sizes to avoid damage by caieless 
handling etc 

Equivalent Conditions — Similar engmes may be said to be 
under equivalent conditions when the piston speed is the 
same and the mdicator card identical for both engmes 

62 
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In the past it has been customary to reserve the higher 
piston speeds for the larger sizes of engmes the modern 
tendency on the other hand is to use the same piston speed for 
all sizes The former practice appears to have secured uniform 
durabihty as measured by the useful hfe of the engine for all 
sizes whereas the latter undoubtedly results in the smaller 
engmes bemg subject to more rapid depreciation than the 
larger Without appreciable error the indicator cards so far 
as they mfluence the stresses m the various component parts 
of the engine may be taken as identical for all sizes though it 
IS worth mentiomng here that it is found advisable in practice 
to work with a smaller M I P in the case of large cyhnders 

Properties of Similar Engines — ^To avoid repetition eqm 
valent conditions will be imphed when use is made of the term 

similar engmes unless the contrary is specified Smce all 
parts of similar engmes are in proportion their relative size may 
be expressed by any linear dimension of any part and for this 
purpose it IS very convement to select the cylmder bore as 
this IS the dimension which assuming constant piston speed 
determines the power of the cyhnder Consider a whole series 
of similar engmes having cyhnders of difierent bores Now the 
piston load at any point of the stroke will be proportional to 
the bore® smce the indicator card is the same for all Now 
the area of the mam bearings will also be proportional to the 
bore® smce both hnear dimensions contributing to the bear 
mg area are proportional to the bore From this it follows 
that the bearing pressures are the same for all the engmes 
Without detaihng the matter further it suffices to state that 
with similar engmes all the bearing pressures and stresses 
(mcludmg inertia stresses) of correspondmg parts are identical 
Deahng in the same way with rubbing speeds of bearmgs 
velocities of gases etc it is found that these also are identical 
From these facts it follows that given a satisfactory engme 
other engmes made from the same designs but to a different 
scale (withm rational limits) will also be workable machines 
though for practical reasons such a procedure earned out m 
mmutiae would not be desirable Actually the foremost 
makers of Diesel Engmes have earned out the prmciple of 
similarity remarkably closely 

Relative Weight of Similar Engines — Weight bemg proper 
tional to volume (assuimng the same materials are aH^ys used 
for correspondmg parts) the weights of similar engmes are 
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proportional to the bore® Hence in comparing two different 
constructions of engme the weight per cubic inch of bore® is a 
convenient criterion of the heaviness of constiuction Figures 
for actual engines will be given later Again since the power 
varies as the bore® the weight per horse powei vanes as the 
boie with similar engines Owmg to departuies fiom stnct 
similarity some of which have been mentioned above the 
weight per horse power does not in practice increase propoi 
tionally as the bore is mcreased The practice of adopting 
higher piston speeds for the larger size of engine tends in the 
same direction with the result that the weight pei B H P 
shews comparatively small variation over a large range of 
powers 

Circumstances which act in the reverse direction aie the 
employment of crossheads and guides and slight reduction of 
M I P in the larger sizes 

In comparmg the weight per B H P of Land Diesel Engmes 
the number of cylinders must be taken mto consideration for 
two reasons — 

1 The cam shaft driving gear is usually the same for a six 

or four cyhnder engine as for a single cylmdei engine 
of the same bore and type and consequently bears a 
larger proportion to the total weight in the case of the 
engme with the smaller number of cylindeis The 
same apphes to most of the accessoiies such as starting 
bottles fuel filters etc if these are included in the 
weight 

2 The weight of the fiy wheel is generally less for a three 

cyhnder engme than for a smgle cylmdei the bore 
being the same though it will be shewn later that 
further reduction of fly wheel weight is not advisable 
for four and six cyhnders 

A summary of the properties of theoretically similar engines 
IS given below 

Piston speed constant M I P constant 

1 Lmear dimensions proportional to the bore 

2 Revolutions per min ute inversely as the bore 

3 Rubbmg velocities and gas velocities are the same 

4 Bearing pressures are the same 

5 Stresses are the same (includmg the inertia stresses) 
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6 Elastic deflections proportional to the bore 

7 Natural frequencies of vibration proportional to the 

RPM 

8 Loads (pressure and inertia) proportional to the bore® 

9 Horse power proportional to the boie® 

10 Weight proportional to the bore® 

11 Weight per B H P proportional to the bore 

12 Weight per unit of bore® the same 

The above considerations justify to a great extent the 
common practice of comparing different designs by expressing 



Fig 19 Foxtb Stroke Land Engine 

the dimensions of corresponding parts as fractions of the bore 
regardless of whether machines compared aie of the same 
approximate size or not The remainder of this chapter will 
be devoted to apphcations 

Weight of Diesel Engines — ^Prom the purchaser s point of 
view the weight of a power installation per B H P is a matter 
of some importance and Eig 20 shews how this quantity varies 
with different sizes of four stroke land engines of the well 
known A frame type It will be observed that the weight 
per B H P increases with the size of the cyhnder but not as 
rapidly as the prmciple of simihtude would lead one to expect 
This is due in part to the fact that the weights include a 
quantity of auxihary gear such as air bottles etc which form 
a larger percentage of the whole weight in the case of smaller 
engmes The fact of the weight per B H P varying consider 
ably in different sizes renders this figure veiy unsuitable for 
estimating purposes The table below shews the weight per 
cubic mch of bore® for the same range of engmes and although 
here also the mfluence of the weight of the auxihary gear may 
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crank case type with trunk pistons and all having three 
cyhnders In this case the fly wheel and auxiliaiy gear aie not 
included 

Table II 


Bore in in 

10 25 

12 

14 

16 

Stroke in in 

16 

18 

21 

24 

Weight in lb (boie® x3) 

5 7 

5 2 

6 6 

6 2 


From these and othei figures it appeals that the oranl case 
construction is not mtrinsically much hghtei than the A 
frame t 3 ^e of construction and that with the formei any 
economic advantages are traceable to the higher piston speeds 
which become practicable when the crank case is enclosed 
Similar figures are given in Table III for vaiious types of 
Marine Diesel Engines The figures include the fly wheel and 
piping attached to the engine but no auxihary gear 

Tvble III 


Description 

Weight m lb 
per in of bore 

X No of cylind s 

Laige two stroke Cast non columns similai 
to steam engine practice watei pumps 
mcluded 

9 5 to 14 

Laige two stroke Structuie of trestle type 
with through bolts water pumps included 

6 2 

Laige foul stroke stiuctuie of trestle or cranl 
case type with through bolts water pumps 
not included 

I 

4 6 

Large four stioke Stiucture of stay bolt type 

4 0 

Trunk engines of crank case type 

4 8 

Trunk engines of stay bolt t 3 ^e 

3 6 


For prehminaiy estimatmg it is convement to have an 
approximate idea of the weights of the piston connectmg rod 
etc of a proposed engme and the followmg figures are a 
rough guide to average practice A designer will find it 
convement to make notes of similar figures for actual engmes 
with which he has had experience 
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Table IV 


Name of Part 

"W oi^^ht por in 
of boio lb 

Trunk piston (land engines) 

0 18 

Connecting rod 

0 17 

Crank pm 

0 0 30 

One web 

0 036 

Reciprocatmg weight (land engmes) 

0 24 

Revolvmg weight 

1 0 18 

Piston and piston rod (marine engmes) 

0 13 

Crosshead 

0 13 

Connecting rod 

0 24 

Crank pm 

0 046 

One web 

0 046 

Reciprocating weight 

0 355 

Revolving weight 

0 236 


The above figures are necessarily appioximate only as 
they depend not only on the materials used and tlio views 
as to design stresses etc held by individual dcsi^^iicis but 
also on the bore to stroke ratio and the lules of insuiance 
societies 

Determination of Bore and Stroke — Nowadays Diesel 
Engmes are generally built up of standardised units in com 
bmations of 2 3 4 6 and 8 cylinders and by this means a large 
range of sizes may be covered with a minimum of stock 
patterns ]igs etc The choice of sizes of cylinders and the 
numbers of different sizes stocked will of course depend on the 
capacity of the factory and the estimated demand Marino 
engmes are usually provided with 6 or 8 cylinders in the case of 
four stroke engmes and 4 or 6 cyhnders m the case of two stroke 
engmes to f acihtate startmg and manoeuvrmg and also to keep 
the size cyhnder and the aggregate weight within reasonable 
hmits Savmg decided on the brake power to be developed 
by a certam standard cylmder the mdicated power must bo 
merred either from previous experience of engines «irm1a.r to 
* j direct estimate of the various losses or 

mth reference to pubhshed data of comparable engmes Typical 
figures fer mechamcal efficiency have been given on page 26 
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A very close approximation of the mechanical losses is obtain 
able as follows — 


1 Air compressor and scavenger losses may be reckoned to 

be equal to the indicated power of these accessories 
divided by a mechamcal efficiency of 0 8 

2 Losses due to friction of piston rmgs about 5% of the 

mdicated power of the engme 

3 Lubricated friction loss is given veiy approximately by 

the formula 

Horse power lost in lubricated friction 

_0 3 [D LiVii s_}.n(A+BL2)V2^ sj 
560 

Where 

D = Diameter of crank shaft in in 

Li= Aggregate length of journals and crank pins in m 
Vi=Peiipheral speed of journals m ft per sec 
n= Number of cylinders 
A = Area of slipper guide in sq in 
B =Bore of cylinder in in 
La=Length of piston in in 
V 2 =Piston speed in ft per sec 


Assuming that the desired indicated power per cylinder is 
now known the former is related to the cylinder bore by the 
formula — 


IHP 


per cylmder = 


0 785B2P V 
2 X 33 000 


B2p V 
84 000 ■ 


( 1 ) 


for two cycle engines 

And half this amount for four cycle engines both assumed 
single acting 
Where 


P=Mean indicated pressure m lb per sq m 
V = Piston speed in ft per mmute 
The piston speed and mean mdicated pressure both vary 
considerably m different cases and existmg practice in this 
respect will be discussed later Table V gives values of the 
IHP per sq in of bore® for various values of the piston speed 
and M I P commonly adapted The IHP of a proposed 
eylmder is found by multiplymg the square of the bore by the 
appropriate coefficient from Table V m the case of a two stroke 
and by half that figure m the of a four stroke cyhnder 
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Example The I H P of a 30 in four stroke cylinder tv oiking 
with a M I P of 80 lb per sq in and pi&ton speed of 900 ft per 
minute IS — 30 xO 857— 2=386 I H P 

Piston Speeds — For trunk piston land engines of the open 
type the piston speed usually varies fiom 600 ft per minute 
with very small engines of about 8 in bore to 900 ft per minute 
with large engmes of about 23 in bore A bnear relation 
between bore and piston speed between these bmits is given 
by the formula Pig^on speed =460 + 17 6 (bore) 

which represents good average practice 

With high speed forced lubiicated trunk engines the practices 
of the different makers are not so consistent but appear on the 
average to be based on an increase of about 20% above the 
figures quoted above for slow speed engmes Some makers 
adopt a uniform piston speed of about 800 ft per minute for all 
sizes but greater uniformity of rehability would appear to be 
obtained by a graduated scale of piston speeds as indicated 
above 

Mean Indicated Pressure — ^Assuming that in every case the 
engine is or may be required to run contmuously at full load 
then the M I P at rated full load is mainly dependent on the 
cyhnder bore in the case of four stroke engines for the f ollowmg 
reasons — 

1 Effective coobng of the cyhnder walls covers and pistons 

becomes increasingly difficult as the size of the 
cyhnder is increased on account of the increased length 
of stream Imes through which the heat has to be con 
ducted 

2 As the cyhnder bore is mcreased it becomes more difficult 

to obtain an overload without smoke With a 9 in 
cyhnder it is possible to obtam a M I P of 140 lb per 
sq in with an invisible exhaust and a rated M I P of 
105 lb per sq m is permissible With a 25 m cyhnder 
120 lb per sq m is about the limit and it is found 
advisable to restrict the rated M I P to about 87 lb 
per sq m at nommal full load 

Table VI below gives the nommal full load M I P for four 
stroke engines for contmuous runmng and proTudes for 
occasional overloads of short duration amounting to about 
20 % 
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VI 

Bore of Cylinder in 8 10 12 14 16 lb 20 2^ 30 

M I P at rated 

fuUload 110 107 106 102 99 96 94 87 80 

Table VI applies more particularly to land engines Eor 
large marine engmes fitted with cooled pistons slightly highei 
figures are sometimes used 

The M I P admissible in two stroke engines depends on the 
efficiency of the scavenge process the degree of supercharging 
and the sufficiency of the arrangements made to minimise 
heat stresses (see Chapter IX) With efficient scavenging 
indicated mean pressures of about 125 lb /in ^ are obtainable 
un^er favourable circumstances with very little if any super 
charging A service M I P of 90 to 100 lb /in ^ is then feasible 
so far as the provision of an adequate margin for contingencies 
IS concerned but whether an engine can be run continuously 
at this load with successful results depends on the detail 
design of cyhnders covers and pistons the sufficiency of 
bearmg areas etc 

When the scavenge efficiency is poor or indifferent the 
maximum M I P obtainable is lower and a correspondingly 
lower value of the service M I P has to be adopted in order to 
retain a reasonable margin for contingencies 

Literature — Diesel Engine Cylinder Dimensions — 
Eng^neer^ng September 26th 1913 

Pichardson J The Development of High Power Marine 
Diesel Engines — Junior I E April 20th 1914 This paper 
contains a great deal of information regarding the dimensions 
weights and capacities of the leading types of Diesel Engines 
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CRANK SHAFTS 

Material — ^For Maime Diesel Engine crank shafts the usual 
material is open hearth steel havmg a tenacity of 28 to 32 tons 
per sq m and mmimum elongation of 25 to 29% in 2 in 
the lower roimmum elongation being associated with the 
higher tenacity 

For stationary engines it is moie usual to employ steel of a 
tenacity of 34 tons and upwards specifying a minimum 
elongation of 25% in 2 m 



U U Centres of Cranks 2 55 Thickness of Webs 0 41 
I Diameter of Shaft 0 03 Width of Webs 1 32 

Length of Crank pm 0 63 

Pig 

General Construction —Small Diesel Engine ciank shafts 
are usually sohd or semi built When the ratio of stroke to 
bore exceeds about 18a bmlt up shaft is sometimes used and 
typical propoitions are given in Fig 21 the unit bemg the 
bore of the cylmder 

Fig 22 shews a solid forged crank shaft foi a two cybnder 
stationary engine 

For four stroke stationary engmes the shaft is usually of 
one piece when the number of cybnders does not exceed four 

63 
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Foi ax cylmdei stationaiy engines the usual piactice is to 
divide the shaft into two sections ananging the cam shaft 
drive in the centre Occasionally the one piece arrangement 
IS adopted with the cam shaft drive at one end preferably the 
fly wheel end This makes the neater arrangement and as no 
difficulties appear to occur m practice probably the only dis 
advantage is the expense of replacing the whole shaft in the 
event of failuie The turmng of long crank shafts offers no 
difficulties provided a modern crank shaft lathe is available 
For four stroke marine engmes of six and eight cylinders the 
usual arrangement is two strictly intei changeable sections of 
shaft \l'ith two stroke marine engines the cylinders are 
arranged m pairs vith a section of shaft to each pan the 
cranks of which aie placed at 1 80 This arrangement complies 



ria 


with the requiiemonts of good balance and equal division of 
impulses and the fact of both cranks of a section bung in a 
plane facihtates both foiging and machimng To secuio inter 
changeabdity the number of bolts in each coupling should bo 
either equal to or a multiple of the number of cyhnders 

Arrangement of Cranks and Order of Firing — 

1 Two cylmder foui stroke engmes 

The cranks are commonly airanged on the same centre and 
the cyhnders fire alternately at equal intervals thus saciificing 
balance to equal spacing of impulses Arranging the cianl at 
180 does not very materially affect the degree of uniformity 
and has the advantage of balancing the primary foicos but the 
primary couples are unbalanced The latter would appear to 
be the lesser evil 

2 Three cylinder four stroke engines 

Cranks at 120° and firing periods follow at equal intervals of 
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240 Piimaiy and secondary forces are balanced but un 
balanced primary and secondary couples exist The two latter 
do not appear to be very senous so far as their effects in 
producing vibrations are concerned 

3 Four cyhnder four stroke engmes 

The most common arrangement is to have all the cranks in 
one plane the inner pair of cranks being on the same centre 
and the two outer cranks at 180 to them Ignitions follow at 
intervals of 180 The primary forces and both the primary 
and secondary couples are balanced but the secondary forces 
are completely unbalanced By arranging the cranks as for a 
two cycle engine {qv) both primary and secondary forces can 
be balanced at the expense of unequal spacing of ignitions 

4 Six cyhnder four stroke engmes 

In prmciple each half of the shaft represents the optical 
image of the other half as seen in a mirror placed at the centre 
of the engine in a plane at right angles to the centre hne of the 
shaft the cranks in each half being at 120 to each other as 
for a three cyhnder engine The primary and secondary 
couples generated by each half of the engine mutually cancel 
each other so that complete balance is obtained so far as 
primary and secondary forces and couples are concerned 

6 Eight cyhnder four stroke engines 

The same principle of equal but opposite handed shaft halves 
apphes to this case also Each half consists of four cranks the 
outside pairs of which are at 180 and the planes containing 
these pairs being at right angles (See Fig 23 which also 
shews an alternative arrangement ) 

Each half of the engine is balanced for forces and the two 
halves balance each other for couples Similar arrangements 
are possible for higher even numbers of cylinders 

6 Four cyhnder two stroke engines 

The arrangement for cranks is the same as that described for 
one half of the shaft for an eight cylmder four stroke engme 

7 Six cyhnder two stroke engines 

The arrangement consists of three pairs of cranks the 
mdividuals of each pair bemg at 180 and the planes contam 
mg the pairs bemg at 120° to each other Secondary couples 
only are out of balance 

F 
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8 Eight cylinder two stroke engines 
Similar to six cylmder engine but planes containing pairs of 
cranks at angles of 45 Primary and secondary couples out 
of balance With two stroke engines owing to the fact that 
no two cranks are on the same centre the order of firing is 
determined by the angular position of the cranks only With 
four stroke engmes on the other hand having four six or eight 
cyhnders for every firing point there is a choice of two cyhnders 
a,nH the orders of firmg generally adopted are based on the 
principle of placmg consecutively firmg cyhnders as remote as 
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possible so as to avoid local accurmilation of elastic stiain due 
to the reaction at the bearings The usual aiiangements and 
sequences of cranks and also the older of filing aie shewn 
diagrammatically on Iigs 23 and 24 for four stroke and two 
stroke engines respectively 

Lubrication — ^In modern designs of Diesel Engme foiced 
lubrication for the principal bearmgs is now the rule rather 
than the exception When crossheads and totally enclosed 
crank cases isolated from the cylinders are used it is obvious 
that forced lubrication can be employed with all the con 
vemence and economy which characterises this system as 
employed in the high speed steam engme 

With trunk piston engines certam precautions have to be 
observed to secure economy 

In the first place oil must be prevented from reaching the 
underside of the hot piston crown This is simply effected by 
a light diaphragm across the piston a few inches from the 
crown in fact just clear of the connecting rod top end bearing 
The diaphragm usually takes the form of a circular covei bolted 
to an internal flange In some cases this forms a jacket for 
water or oil cooling of the piston crown With uncooled pistons 
a sheet steel diaphragm is sometimes used with good effect 
In any case such a diaphragm by protectmg the small end from 
radiant heat practically eliminates trouble with this bearmg 

In the second place oil must either be prevented from splash 
ing in undue quantity on to the surface of the finer by means 
of guards over the cranks or attached to the piston itself or 
the cylinder mouth or else arrangements must be made to 
scrape the surplus oil off the finer Holes drilled from the 
bottom piston rmg groove to the mside of the piston are found 
to be helpful 

Finally the crank case must be practically oil tight to 
prevent loss of oil and the mgress of dirt 

So far as economy of lubricating oil is concerned oidmary 
ring lubrication for the mam bearmgs and the centrifugal 
banjo arrangement for the big ends leave httle to be desired 
With suitable arrangements for filtering the oil which is dramed 
from the crank pit and usmg over and over agam the net 
lubricatmg oil consumption is readily kept below 0 002 lb per 
B H P hour (trunk piston engmes) Similar economies are 
obtamable with forced lubricated trunk engmes when the 
above precautions are observed EflB.cient use of non forced 
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lubrication necessitates certain special features in connection 
with the crank shaft Rings aie turned on the lattei at each 
end of each journal to throw the squeezed out oil into suitable 
catcher grooves in the bearing brasses whereby it is returned 
to the oil well instead of being thrown ofE by the crank webs 
As these oil throwers have been shewn in some cases to weaken 
the shaft at its already weakest pomt they should be designed 
so as not to interfere with a good radius between the journal and 
the web Fig 26 shews a section through such an oil thrower 
Fig 26 shews a crank fitted with centrifugal banjo lubricator 
The oil hole leading to the surface of the crank pin is preferably 



Fia 26 Fio 26 


drilled at an angle of about 30 in advance of the dead centre 
so that the upper connecting rod brass receives a supply of oil 
just before the igmtion stroke 

With forced lubrication oil throwers and catchers are not 
usually fitted but the shaft requires to be dulled to conduct 
oil from the journals to the crank pms Two systems of diiUing 
are shewn m Figs 27 and 28 

Details — (1) Webs — ^Various types of solid forged webs are 
shewn m Figs 29 30 and 31 The two ends of the straight 
sided webs are sometimes turned from the journal and crank 
pm centres respectively Weight can be reduced shghtly by 
tummg the two ends at one settmg from a centre midway 
between these two pomts Triangular shaped segments are 
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usually turned ofiE the projecting comers of the webs and thi 
reduced weight facihtates feeling the big ends of the connectinj 
rods and gives more clearance for the mdicating gear Balano< 



Fig 27 



Fig 28 


weights are frequently fitted to one and two cylinder engines 
to balance the revolving weight of the crank pins the big ends 
and the otherwise unbalanced portion of the crank webs The 
chief difficulty in designing a balance weight is usually to get a 



Fig 31 


Bufiiciently heavy weight in the space available The magm 
tude of the balance weight required is equal to the weight to be 
balanced (i e weight of crank pm plus about 0 66 of the total 
weight of the counectmg rod and about half the weight of the 
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webs) multiplied by the radius of the crank and divided by the 
radius measured from the centre of the shaft to the centie of 
giavity of the balance weight The problem thus lesolves 
itself mto a matter of trial and error Various 
modes of securmg balance weights aie illus 
tiated m Figs 32 33 and 34 The bolts oi 
other form of attachment should bo sufEi 
ciently strong to carry the centrifugal foice 
of the weight with a low stress 

(2) Couplings — ^The couphngs connecting 
the sections of a shaft are made with spigot 
and faucet joints the spigots being turned 
off after the bolts have been fitted The 
bolts belonging to the couphng to which a 
gear wheel is fitted are usually made of 
additional length and used to secuie the 
wheel If separate means of securing the 
wheel are used the interchangeability of the 
sections of shaft is prejudiced This is of small impoitance 
where land engines aie concerned With marine engines 
when it IS desired to cany a spare section of shaft the latter 





should be provided with any 1 eyways extia bolt holes etc 
requisite to enable it to replace any section of the shaft in the 
event of failure with a minimum of fitting 

When heavy fly wheels are fitted, as for mstance with dynamo 
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drives an outer bearing is sometimes placed between the 
wheel and the driven shaft The couphng used to connect the 
projecting end of the crank shaft to the drive may conveniently 
be of the common cast iron flanged type provided with a 
shrouding to covei the nuts and bolt heads See Fig Go 



riG So 


Occasionally this outer couphng is forged with the snaft 
and if precautions are taken to ensure that the couplmg is free 
of all bendmg moment it may be proportioned to the twisting 
moment only This arrangement is a convenient one when the 
cam shaft dri\e is at the fly wheel end of the engme as the 
small diameter of the couphng enables the crank shaft gear 
wheel to be passed over the couphng in one piece See Fig 36 



(3) Air Compressor Cranks — ^When the air compressor is 
supplied by anothei manufacturer the compressor crank is 
usually designed by the latter This arrangement is not 
always qmte satisfactory as the apparatus by means of which 
the compressor is driven at the shop test may be more favour 
able for satisfactory running than the arrangements which are 
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made for the reception of the compressor on the engine In 
any case close co operation should exist between the two 
manufacturers to produce a satisfactory job between them 
The main points to be insisted on are rigidity and truth of 
ahgnment Figs 37 and 38 illustrate two satisfactory de igns 
of crank 

(4) Scavenger Cranks — When the air compressor is driven 
by an overhung crank extending from the scavenger crank 
shaft the latter must be made far stifEer than would be required 
from considerations of strength alone in order to keep the 
deflection of the overhung crank within small limits In this 
case it IS not unusual to make the scavenger crank the same 
diameter as the mam crank shaft When two scavengers are 
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provided the cranks are placed at 90 to equahse the discharge 
of air 

Proportions — In view of the fact that the straining actions 
causmg failure of crank shafts are mainly due to bendmg 
moments caused by unequal level of the bearmgs the most 
consistent results are obtained when discussmg the propoi lions 
found m practice by expressing all dimensions m terms of the 
cyhnder bore As regards marine crank shafts the designer 
has httle latitude as minimum dimensions are fixed by tlio 
rules of insurance societies To evaluate these rules the 
distance between centres of cyhnders must be determined 
and this figure is usually about twice the cyhnder bore in the 
case of four stroke engmes and about 2 to 2 4 times the bore 
in the case of two stroke engmes The diameter of the shaft 
usually works out at about 0 62 for four stroke and 0 66 foi 
two stroke engmes These approximate figures are merely 
quoted here for comparison with those relatmg to land engmes 
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Proportions of Four Stroke Land Engine Crank shafts — 
Typical proportions for a slow speed engine are given below 
the unit being the cylinder bore — 

Diameter of crank pm and journal 0 53 

Length of journal 115 

Length of crank pm 0 o3 

Width of web 0 80 

Thickness of web 0 28 

Proportions of an exceptionally strong shaft are given 
below — 

Diameter of crank pm and journal 0 57 

Length of journal 0 88 

Length of crank pm 0 70 

Width of web 0 92 

Thickness of web 0 32 

Mr P H Smith m a paper read by him before the Diesel 
Engme Users Association July 1916 recommends the follow 
ing proportions applying to 34 ton steel on the understandmg 
that certain precautions are taken to keep the bearings in line 
Diameter of crank pm and journal 0 625 to 0 54 

Length of journal 0 76 0 80 

Length of crank pm 0 524 0 54 

Thickness of web 0 32 mminmm 

Mr Smith pomts out that Diesel Engme crank shafts almost 
invariably fail at the webs and the thickness he proposes for the 
latter is the greatest the author has found in practice 

Accordmg to Mr Smith s mmimum figure for the shaft 
diameter and web thickness and taking the width of the web 
to be 0 8 of the cyhnder bore the relative strengths of the 
journal and the web to resist bending are as 


irxO 525® 


0 8x0 32® 

^ —6 

0 96 


so that a shaft based on these proportions will be of nearly 
equal strength throughout if the efiects of radii and changes 
of shape are neglected Crank shafts for two stroke land 
engmes are generally of slightly larger diameter than those 
for four stroke engmes Difiierent examples give figures vary 
ing from 0 66 to 0 69 of the cyhnder bore Great (hfferenoe of 
opmion exists as to the size of the radii between journals and 
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cranJk pms and. crank webs A radius of 0 07 of the shaft 
diameter is good, average practice though some designers 
prefer 0 15 and others are satisfied with 0 04 

Calculation of Stresses in the Crank shaft — It is as well to 
state at the outset that the problem of determining the stresses 
in a multi crank shaft is rather laborious if done conscientiously 
and actual designs are more often than not based on experience 
pure and simple without reference to comparative calcula 
tions other than of simple proportion Supposing a suitable 
analysis to have been made for a correctly aligned shaft the 
whole calculation would require to be revised before the results 
could be applied with accuracy to the case of a shaft of which 
the bearings were at different heights owing to the unequal 
wear of the white metal or fiexure of the bedplate This latter 
consideration is of itself valuable in emphasising the need of 
massive foundations where land engmes are in question and 
the desirabihty of providing an extremely rigid framework in 
marme designs Probably the severest condition with which 
a Marme Diesel Engine has to contend is the deflection of the 
hull due to variations of cargo loadmg etc On this account 
the engine seatings and the construction of the ship s floor 
m way of the engines should be strong and stiff J he frame 
work of the engme should also be designed in such a vay 
as to secure a considerable degree of rigidity against sagging 
or hogging tendencies The component parts of the oranl 
shaft VIZ journals crank pins and webs are subject to 
bending and twisting actions which vary peiiodically as the 
shaft revolves In the past it has been customary to compute 
equivalent bending or twistmg moments corresponding to the 
calculated oo existing bending and twisting moments and to 
proportion the shaft accordingly Recent experiments by 
Guest and others indicate that steel under the mflucnce of 
combmed bendmg and twistmg begins to fail when the shear 
ing stresses as calculated from the formula quoted below 
attain a definite value (about 12 000 lb per sq m for very mild 
steel imder alternatmg stress) which is mdependent of the 
relative amounts of bendmg and twisting 

Maximum shear stress = 

Where =Normal stress due to bendmg 
= Shear stress due to twisting 
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The equivalent twisting moment which would give the same 
shear stress as the maximum shear stress due to the combmed 
action of the actual bendmg and twisting moments is given by 

Tb = VT=*+B2 

Where Tj, = Equivalent twistmg moment 
T= Actual twisting moment 
B = Bending moment 

A good approximation to the twisting moment at any pomt 
of the shaft at any degree of revolution is obtamed by combm 
mg in correct sequence the twistmg moment curves correspond 
mg to all oyhnders for d of the section under consideration 
In future the terms forward and aft wall be used to 
denote the compressor and fly wheel end of the engme respec 
tively regardless of whether the engme under consideration is 
of marme or land type The negative twisting moment due to 
mechamcal friction of the moving parts is almost always 
neglected That due to the compressor is sometimes allowed 
for When deahng with the stress in a crank pm it should be 
borne in mind that the twisting moment due to any cylmder 
IS not transmitted through its own crank pm For example 
if the cranks are numbered as usual from the compressor end 
the twistmg moment m No 3 crank pm is that due to cylmders 
Nos 1 and 2 The calculation of bendmg moments is by no 
means straightforward and "^he methods adopted form the 
distmguishmg features of the systems of crank shaft calculation 
described below 

Fixed Journal Method of Crank shaft Calculation — ^The 
assumption underlying this method is that each journal is 
rigidly fixed at its centre and that the section of shaft between 
two journals may therefore be treated as a beam encastr6 at 
its ends The assumption of fixed journals would be true for 
a row of cylmders all firmg at the same time For ordmary 
conditions however the assumption would only hold good if 
the bearmgs had no running clearance and were capable of 
exertmg a bendmg effect on the shaft by virtue of their rigidity 
Apart from the fact that the construction of bearmgs and 
bearmg caps does not smt them for this heavy duty examma 
tion of the bearmg surface of well worn bearmgs reveals no 
trace of such cornermg action and justifies the view that the 
bearmgs meiely fulfil their proper functions of carrymg thrust 
m one direction at a time 
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Free Journal Method — ^With this system each crank is 
supposed to be loaded at the centre of the crank pin and sup 
ported freely at the centre of the journals so that the maximum 
bending moment occurs at the centre of the crank pin This 
assumption would be approximately true for a single cylmder 
engine if the weight of the fly wheel and the influence of out 
board bearmgs are neglected With this method the twisting 
moment is of very secondary importance in many cases almost 
neghgible Comparing this system with that described above 
it will be seen that both involve the construction of twisting 
moment diagrams though the accuracy of the result is of less 
importance m the ease of the free journal method 

In the foUowmg articles a four throw crank shaft will be 
investigated on somewhat different hnes with a view to 
ehminatmg as many unjustifiable assumptions as possible 


Stress Calcitlation eok a Four Throw Crank shaft 
Data 

Type of engine four stroke 

Number of cyhnders four 

Bore of cyhnders 10 in 

Stroke 15 in 

Revolutions per minute 300 

Connecting rod 5 cranks long 

Maximum pressure at firing dead centre 500 lb per sq in 
Diameter of journals and crank pins 5 25 in 

Length of journals 8 in 

Length of crank pms 5 5 in 

Thickness of webs 3 25 in 

Width of webs 9 in 

Centres of cyhnders 8 + 5 6 + 6 5 = 20 in 

Weight of piston 170 lb 

Weight of connecting rod 190 lb 

Weight of crank pm 33 lb 

Weight of unbalanced parts of two crank webs 1 10 lb 


The method employed in the following investigation is to 
calculate the values of the forces acting on the shaft when one 
crank is at its fiLrmg top dead centre The reactions on the 
bearings will be calculated on the assumption that the centres 
the journals remain level and aU loads wiU be treated as 
concentrated The effect of unequal level of bearings wall also 
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be investigated In computing the forces actmg on the crank 
shaft the dead weight oi the latter and also that of the running 
gear fly wheel etc will be neglected and the effect of the air 
compressor will not be considered nor will the small exhaust 
pressure remainmg in the cylmder which completes its exhaust 
stroke at the same instant that the cylinder under considera 
tion begins its firing stroke so that the forces to be dealt with 
are — 

( 1) Those due to cylinder pressure 

(2) Centrifugal force of revolving parts 

(3) Inertia force of reciprocating paits 
These will now be calculated — 

Weight of revolving part of connectmg rod 


0 65x190 124 1b 

Weight of unbalanced part of crank webs 110 lb 

Weight of crank pin 33 lb 


Total weight of unbalanced revolving parts 267 lb 


Weight of reciprocating part of connectmg rod 

0 36x190 66 1b 

Weight of piston 170 lb 

Total weight of reciprocating parts 236 lb 


Centrifugal acceleration in the crank circle is — 

„ /27r 300\2 ^7 5 

= y — J X 11^=615 ft per sec 


Therefore centrifugal effect of revolvmg parts 

267 X 615 


g 


=5100 lb 


Inertia effect of reciprocating parts at top dead centre — 

- -^ - -^ xH=6400 1b 

s 

Inertia effect of reciprocating parts at bottom dead centre — 

236 X 615 


g 


X(l— i)=36001b 


Combmed, centrifugal and mertia effect at top dead centre 
=6100+6400 = 10 600 lb upwards 
Combmed centrifugal and mertia effect at bottom dead 
centre 

=6100+3600=8700 lb downwards 
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Maximum load due to cylinder pressure 

=0 785 X 10* X 500 =39 000 lb 

Resultant downward efEect of pressure centiifugal force and 
mertia force at firmg dead centre 

=39 000 — 10 500 = 28 500 lb 

Method of Calculating the Reactions at the Bearings — 
Let A I (Fig 39) represent the centre of the ciank shaft 
A C E G I being the centres of the journals and B D F H 
those of the crank pins 

R 2 R 4 Rg Rg are the apphed forces due to cylinders 1 2 3 4 
respectively 

RjRgRgRjRg are the reactions at the bearings unknown 
m magmtude and direction Under the influence of these 
forces the centre Ime of the shaft assumes some deflected shape 


Cyl 1 

Cyl''2 

Cyl 3 

Cyl 4 


84 

/?6 

A 

c 

E 

G 

/ 

B 

D 

F 

H 

1 

/?/ 

1 

% 

Rs 

Rr 

Rg 


Fig 39 


and the deflection at any point above or below the straight 
hne jommg A I is equal to the sum of the deflections at the 
same pomt which would be produced by each of the forces 
RaRgRgRsR#!^? 1^8 acting alone supposmg the shaft 
supported freely at A and I At C E and G the sum of these 
deflections must be zero if the bearings are level (ignoring the 
effect of runnmg clearance) Let c 2 e 2 and g 2 be the deflections 
at C E and G due to umt load apphed at B (the position of B 2 ) 
assuming the shaft supported freely at A and I 

CaOjandga'l 

G*e* and corresponding deflections at C E and G 

'etc etc^'f apphed at C D E etc 


Cgeg and gg 


The values of C 2 Oj and ga etc are readily found by the usual 
formulae for the deflection of beams 
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Now since the total deflection at C E and G is zero the 
following equations hold good — 

R2 C2-t"R3C3-t-Il4C4 + Rs C5+R5 Cj + Rj C7-I-R8 Cg = 0 (1) 

R 2 ®2 +Rs ® 3 + R 4 ®4"I”R5 ©S + Rs ©S + R? ©T+Rs ©8 — 9 (2) 

Rg S2 +Rs S 3 + R4 g4+R5 gs+R® ge + R? gT+Rs g8~9 (3) 

In these three equations the only unknown quantities are 

Rg Rg R7 which can therefore be determined The remaining 
unknown reactions Ri and Rg are found by equatmg moments 
about I and A respectively In solving the above equations 
downward forces and deflections will be considered positive 
and upward forces and deflections negative 

Determination of CgOggg determining these 

constants it will be assumed that the shaft deflects under load 
as though it were a cyhndncal beam of the same diameter as 
the crank pins and journals Considermg that the webs of a 
Diesel Engme crank are short the presumption is probably 
not maccurate but it would be interesting to see this point 
investigated as it could readily be by means of models So 
long as bearings at constant level are assumed the actual 
value of the deflection is of no importance as the method of 
calculation depends only on the relative deflection at the 
different points considered The problem therefore resolves 
itself into finding the deflected form of a beam freely supported 
at each end under the influence of a concentrated load placed 
anywhere between the supports This may be done by treat 
ing each end of the beam as a cantilever The deflection of the 
end of a cantilever carrying a load at the end is given by — 

W 1* 

Deflection at the end of cantilever m in = 

3 El 

Where W =Load in lb 

E== 30 000 000 lb per sq m (for steel) 

I=Moment of mertia (transverse) of the section of 
beam in 

For the shaft under consideration — 

1=^X5 25*=37 3m* 

64 

Fig 40 shews the values of the deflection at various fractional 
pomts m the length of the cantilever the deflection at the end 
being umty These results are apphed to the case of a beam 
as follows — 

Let AB be a beam (Fig 41) supported at A and B and 
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carrying a load Wi at any point C The reaction at A is equal 

to Wi ^ Let this be denoted by Wg At A erect a pcrpendi 

cular AT) equal to some convenient scale to the deflection of tho 
cantilever AC due to the load W 2 at its end Draw the deflected 
shape of this cantilever (DC) by means of the proportions given 



m Fig 40 Proceed similarly with cantilever C B obtaining 
the deflected shape C F Join D and F then the deflection of 
the beam at any point X is the vertical intercept x shewn 
in the figure 

Application to the Case in Hand — ^The constants Cge ga 
bemg the deflections at various points on a beam due to umt 
load apphed at other various points are independent of the 
system of loads and will therefore be dealt with before special 



cases of loading are considered In order to obtain manage 
able figures the deflection will be reckoned in thousandths of 
an mch and the umt load will be taken as 10 000 lb Deflection 
of cantilevered portion of shaft in thousandths of an inch is 
given by — W ^ W 

3x30x37 3 3360 

Where W=Loadinlb 
2«Length m m 
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The diagram Fig 42 shews the process of determining 

CgCaga etc in particular — 

Umt load at B =10 000 lb AB =10 BI =70 

■D 4. 4. A 10 000x70 orrtr. IT- 

Reaction at A = =8750 lb 


80 

10 000 X 10 


80 

Deflection of cantilever AB 

IB 


=1250 lb 

8750x1^ 
3360 

1250 x73 


3360 


= 127. 


TOO ■ 



ABCOeFGHt 

Fig 4^ 


Deflected shapes of cantilevers drawn by plotting ordinates 
from the proportion given m Pig 40 
The constants are found to be — 



c =30 2 

62=35 0 

g2=22 0 

Since the deflection at G due to a 

load at H 

that at C 

due to the same load at B 

and so on 


g8=30 2 

68=35 0 

g8=22 0 

By the 

same methods (see Fig 42) 

— 


03=53 6 

03 =65 5 

g3=41 7 


g7=53 6 

e,=66 5 

c,=41 7 


0^=66 2 

64 =87 1 

g4=57 0 


g6=66 2 

eg =87 1 

C8=57 0 


Cg=65 5 

es =96 3 

gg =65 5 


IS the same as 
therefore — 


G 
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These values have been computed with lather less trouble 
and with greater accuracy by the formulae for the deflection at 
any point m a beam due to a load at any other point (see 
Morley s Strength of Materials ) The graphical method of 
determimng the constants should not be rehed upon except as 
a check as small errors in the constants give rise to large 
errors in the calculated reactions 


2 85 087 0 87 / 05 



^3 ^5 87 


Pio 43 

The conditions of loading will now be consideied 
Case I Crank 1 on Firing Dead Centre — The magnitudes 
and directions of the applied foices are shewn m Iig 43 
Hence — 

R2C2=2 85 x30 2=86 1 R4C4=-0 87 x65 2=60 7 

R2e2=2 85 x35 0=99 7 R4e4=0 87 x87 1 =75 8 

R'2ga=2 85 x22 0=62 7 R4g4=0 87 x57 0=49 0 

RgC6=0 87 x67 0=49 6 R8C8 = — 1 06 x22 0 = — 23 1 
Ree6=0 87 x87 1=75 8 R8e8 = — 1 05 x35 0 = — 36 8 
Reg6=0 87 x65 2=56 7 Rggg = -1 05 x30 2 = -31 7 
From which 

R2 ■1"H4 C4 -|-Re Cg -f-Rg C8 =169 3 
Hi 2 ”^^4 04 -[-Re Cg -f-Rg eg =214 6 
I^aga+Hrggg-i-Hsge+I^sgs^lS'^ 3 
Substituting these values in equations (1) (2) and (3) we 
obtam — 

53 6 R3+65 5 R5+4I 7 R,= — 169 3 (4) 

65 5 R3 +95 3 Rg +66 6 R, = -214 5 (5) 

41 7 R3+66 6 R5+53 6 R7= —137 3 (G) 

From which 

R3 = -2 434 R5 = — 0 736 R, = +0 230 
Equatmg moments about A — 

6 R2+7 Rg +6 R7 +5 Rg +4 Rg +3 R4 +2 P 3 +R =-0 
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Case II No 2 Crank on Firing Dead Centre — The 
magnitudes and duections of the applied forces are shewn in 
Eig 44 

Rg =0 870 R4 =2 850 Rg = - 1 05 Rg =0 870 

R2C2=0 87 X30 2=26 3 R4C4=2 85 x65 2=185 6 

R2e2=0 87 x35 0=30 5 R4e4=2 85 x87 1 =248 0 

R2gg=0 87 X22 0=19 2 R4g4=2 85 x57 0=162 3 

RjCe = — 1 05 x57 0 = — 59 8 R8C8=0 87 x22 0=19 2 

Rje6 = — 1 06x87 1 = — 91 4 R8e8=0 87 x36 0=30 5 

Rggg=_l 06 x65 2 = — 68 5 R8g8=0 87 x30 2=20 3 

From which 

R2 ®2 C4 “!“Erg Cg -f-Rg Cg =171 3 
R2 ©2 ®4 "(“Eig Cg -j-Rg Bg =217 6 
1^2 §2+1^484+1^6 §6+1^8 88 = 1 39 3 


087 ^85 /05 0 87 



The three equations for determining R^RgRg are there 
fore — 

53 6 R7+66 6 R5+4 I 7 R3=-171 3 
65 5 R,+95 3 Rb +66 6 R3 = — 217 6 
41 7 R,+65 6 R6+63 6 R3 = -139 3 

from which 

Ry = -2 614 Rg = -0 713 R3 =0 226 

Takmg moments about A and I 

Ri = -0 072 Rg = —0 467 
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from which the following figures for the bending moments are 
obtamed — 


Point 

1 

Moments 

1 

BM in 
m lb 

A 

1 

0 

B 1 

720 X 10 

+7 200 

c 1 

720 X20— 8700 XlO 

—72 600 

D 1 

720 x30— 8700 X20+25 140 x 10 

+99 000 

E 1 

720 X 40 -8700 x 30 +26 140 X 20 -28 600 x 



10 

: —14 400 

F 

4670 X30 —8700 X20-2260 XlO 

—56 600 

G 

4670 X20— 8700 XlO 

+6 400 

H 

4670 XlO 

! +46 700 

I 


! 0 


Maximum bendmg stress — =6 9'70 lb sq m 

Considerably less than m Case I 

Case HI Loading as m Case I but bearings C and G 
supposed worn down 20 thousandths and bearmg E 25 
thousandths of an inch below the level of the hne joming A I 
The difference m height of the bearmgs is very simply 
allowed for by putting 20 25 and 20 respectively on the r^ht 
hand side of equations (1) (2) and (3) mstead of zero 

The equations for determimng Rg Rg and R, then become — 

63 6 Rg +66 5 Rg +41 7 R, =20 -169 3 = —149 3 
66 5 Rg +96 3 Rg +66 5 R, =26 -214 6 = —189 6 
41 7 R 3+66 6 Rb+63 6 R,=20— 137 3 = — 117 3 

The following values are obtamed for the reactions at the 
bearmgs — 

Ri =_1 398 R 3 = — 1 880 Rg = — 1 243 R 7 = +0 790 

R 9 = +0 191 
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The bending moments are as follows — 


Point 

Moments 

BM m 
m lb 

A 


0 

B 

13 980 X 10 

+139 800 

C 

13 980 X 20 —28 500 x 10 

—5 400 

D 

13 980 x30— 28 500 X20 4-18 800 XlO 

+37 400 

E 

13 980 x40— 28 500 X304-18 800 X 20 —8700 



XlO 

—6 800 

P 

1910 X30+10 500 X20— 7 900 XlO 

+73 700 

G 

1910x20+10 500x10 

+66 800 

H 

1910 XlO 

+19 100 

I 


0 


Maximum bending stress — , ^ ■ ■ =9 800 lb sq m 

14 2 

Comparmg the above figures with those obtained in Case I 
it will be seen that the maximum stresses have been increased 
to the extent of about 28% by the difference of level of the 
healings In view of the unceitamty which exists with regard 
to the deflection of cranked shafts the above figures aie not 
strictly rehable but the writer is of opmion that they undei 
rather than over estimate the stresses 

Conclusions — 1 The value of the bending moments at a 
Clank pin on the top firing centre is greater for a crank pm 
situate at one end of the shaft than that at one nearer the 
centre of the shaft 

2 The bendmg moments at ceitain crank pins and journals 
may be as great oi greater than the bending moment at the 
crank pm which is receivmg the greatest applied load 

3 No general rule for the bendmg moment at a Diesel Engine 
crank pm or journal can represent the true state of affairs 
but every different arrangement of cranks and number of 
cylmders requires to be mvestigated individually 

4 Difference of level of the bearmgs due to wear or other 
wise gives iise to greatly increased bending moments which 
can be calculated approximately m the manner described 

The methods of calculation which have been illustrated in 
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this chapter can be appbed to cases involving any number of 
cranks and the efiects of fly wheels the rotors of electric 
generators outboard bearings etc can be moluded When 
the number of cylinders is three or less the weight of the fly 
wheel IS considerable and cannot therefore be ignored In 
these cases allowance should be also made for the practice of 
packing the outward bearing above the level of the engme 
mam bearings For engines of four cyhnders and over the 
weight of the fly w heel and the presence of outboard bearmgs 
can probably be neglected with safety An extended treat 
ment of this subject will have to be leserved for a future 
occasion 

The labour involved in solving simultaneous hnear equations 
increases as the square of the number of unknowns For a 
description of a machine devised to do this woik mechamcally 
see the Treatise on Natuial Philosophy vol i Kelvin and 
Tait 

Graphical Determination of the Twisting Moments — ^In 
the processes described below the following approximations 
have been made — 

1 The negative twisting moments due to the air compressor 
at the forward end of the engine have been neglected These 
moments are small in comparison with the moments due to the 
working cylinders and bemg opposite in direction to the 
maximum moments tend to reduce the latter by a small 
amount 

2 Moments due to the dead weight of the revolvmg and 
reciprocating parts have also been neglected In a very large 
engine it would be advisable to take these into consideration 
as other things being equal the dead weight of the lunmng gear 
per square inch of piston area mcreases as the scale of the 
engme 

3 The twisting moments due to mechanical friction have 
been neglected as (so far as the present writer is aware) 
the distribution and variation of the friction forces are not 
known with any exactitude and m any case one is a httle 
on the safe side m neglectmg them These friction moments 
of course accumulate as one passes from the forward to the aft 
end of the engme where they amount m aggregate to about 
16% of the mean indicated twistmg moment so their effect on 
the forward end of the shaft is quite negligible 
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4 The moment of inertia of the fly wheel has been assumed 
to be large in comparison with the fly wheel effect of the 
revolving and reeiprocatmg parts of the running gear In 
cases where the fly wheel is very small or omitted altogether 
as m some two stroke marme engines the irregularities of 
turmng effort are mainly absorbed by the angular acceleration 
of the crank masses Allowance is readily made for this effect 
in the following maimer The combined twisting moment 
curve for all the cylmders is first found without allowanco for 



fly wheel effect and a new zero line 
IS taken at the height corresponding 
to the mean twisting moment Or 
dinates measured to this new zero 
Ime represent fluctuations of the 
twisting moment from its mean 
value These ordinates are now 
divided into segments proportional 
to the fly wheel effects of the fly 
wheel and crank masses For ex 
ample if there are four cylinders 
and the moment of inertia of the 
fly wheel is three times that of one 
set of crank masses then the or 
dinates will be divided into seven 
parts one part being applied in 
opposite sense to corresponding 
points on the twistmg moment 
curve of each cylinder and the re 
mainmg three parts of each ordinate 
form the ordinates of a curve of 
the twisting moments absorbed by 
the angular inertia of the fly wheel 
In the example worked out below 
it will be assumed that the fly wheel 
IS large compared with the crank 
masses so that the process described 
briefly above is not necessary 
Fig 46 IS a skeleton diagram of 
the connectmg rod positions for 
every 20 degrees of revolution of 
the crank shaft for the determma 


Fie 46 tion of piston displacements 
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Fig 46 IS a typical full load indicator card calibrated for 
pressures vertically and percentages of stroke horizontally 
Points corresponding to each 20 degrees of revolution are 
marked on the diagram by scaling the piston displacements 
o£E Fig 46 

On Fig 47 cylmder pressures are plotted on a crank angle 
base from 0 to 720 degrees (fom stroke engme) The pressure 



during the suction and exhaust strokes is assumed atmospheric 
The inertia effect of the reciprocatmg parts per square inch of 
piston area is plotted from the followmg figures — 

Inertia effect at top dead centre — ^ ^ (1 +|^) =5400 lb 

bottom 236 y =3600 

90 =Hi><^5xi==Llb 
g 5 

45 ^ 236x615 ^ 1=3200 lb 
g v2 

Corresponding figures per sq m of piston area (78 5 sq in ) 
are 69 46 11 6 and 41 lb per sq in respectively 

The centrifugal forces of the revolving masses bemg radial 
produce no twistmg effect on the shaft The dotted line 
(Fig 47) IS the resultant of the pressure and inertia curves 
The twistmg moments are now computed as m the following 
table — 
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The leverage tabulated in the second column is found by the 
well known graphical construction in Fig 46 where the hne of 
the connectmg rod is produced (if necessary) to meet the 
horizontal hne through the centre of the shaft the intercept 
bemg the leverage required to the same scale as the rest of 
the diagram The twisting moments are found by multiply ing 
the leverage in inches by the resultant forces per sq in of 


mi 


nil 




ini 


mmmmmmmmmmi 


mmmi 


lai 


‘mmi 


K9Bil 


SI 




l»9 

.^mi 

mmi 


1^1 


■■esiHiHi 




edjv 



92 


DIESEL ENGINE DESIGN 


piston area in lb pei sq m and by the piston area in sq in 
(in this case 78 6 sq in ) 

Eorces acting towards the crank are considered positive 
whether they are expansion forces or otherwise and those 
acting away from the crank negative Assuming rotation 
clockwise leverages to the right hand of the centre hne are 
positive and those to the left negative The signs of the 
moments then look after themselves according to the signs of 
their factors It is not unusual to see the leverage in a case of 
this sort treated as though it were always positive The dis 
advantage of this proceeding is that in order to get the signs 
of the moments correct those of the resultant forces have to 
be reversed at every dead centre which besides being incorrect 
from a mathematical standpoint is mconvement for the 
draughtsman and oonfusmg to others The tabulated values 
of the twistmg moment are plotted in Fig 48 (full hne curve) 
Identical curves for cyhnders 3 4 and 2 could be plotted m 
their respective places at 180 degrees apart in the order named 
but are omitted for the sake of clearness Dotted curve 
numbered 2 is the resultant of the curves belongmg to cyhnders 
1 and 2 Dotted curve 3 is the resultant of the curves belong 
mg to cyhnders 1 2 and 3 and so on The simplest way of 
obtaining these resultants is to trace the primary curve on a 
piece of transparent paper and move it sideways mto its required 
position for the next cyhnder and then for every reqmred 
ordmate move the paper vertically (guided by the vertical 
degree hnes) until the zero hne comcides with the top of the 
ordmate of the curve to which it is required to add the effect 
of another cyhnder In this position pnck through the top of 
the ordmate of the curve on the traomg paper to the diagram 
Tmderneath These resultant curves enable the twisting 
moment at any crank pin or journal at any angular position to 
be read off the diagram 

Combined Effect of Bendmg and Twistmg — ^It will be 
seen that the peaks of the twistmg moment curves occur about 
30 degrees after the dead centres and that the results previously 
obtamed for the bendmg moments with the cranks on dead 
centre apply very closely to this position also so that the 
tabulated values of the bendmg moments at the various 
journals and crank pms combmed with the twistmg moments 
existmg at these pomts 30 degrees after the correspondmg 
firing dead centres have been passed represent the maximum 
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conditions of stress at the points in question The conditions 
of bending when cranks 3 and 4 are on filing centre are of 
course the same as those obtainmg when cranks 2 and 1 
respectively aie m that position the order m which the bending 
moments occur bemg reversed 

For example the bending moment at No 2 crank pm when 
No 4 cyhnder is firmg is the same as the bendmg moment at 
No 3 crank pm when No 1 cyhnder is finrig and so on A 
comparison of the foUowmg table with the twistmg moment 
curves and the bendmg moments tabulated m the pievious 
articles will make the matter clear 

The eqmvalent twistmg moment equals VT^+B® and is 
that twistmg moment which would give the same shear stiess 
as the maximum shear stress due to the combmed action of 
twistmg and bendmg moments actually obt ainin g 


Position 

Which 
crank 
30 past 
firing 
dead 
centre 

Bending 
moment 
in lb 
(see pre 
vious 
tables) 

Number 
of tw St 
ing 

moment 

curve 

Twisting 
moment 
m lb 
from 
curves 

Equ valent 
twisting 
moment 
in lb 

Maxi 
f mum 
shear 

1 stress 
lb per 
sq in 

A Journal 



— 

— 

— 

— 

— 

B Crank 

No 1 

109 700 



109 700 

3 870 

pin 

No 2 

7 200 

— 

— 



No 1 

No 3 

46 700 






No 4 

49 600 






No 1 

65 600 


127 000 

143 000 

5 040 

C Journal 

No 2 

! 72 600 

(1) 

11 000 




No 3 

6 400 


13 000 




No 4 

5 800 


17 000 

! 



D Cranl 

No 1 

2 600 


127 000 

127 000 

4 480 

pm 

No 2 

99 000 


11 000 



No 2 

No 3 

66 600 


13 000 




No 4 

38 200 


17 000 




No 1 



112 000 



E J ournal 

No 2 


(2) 

116 000 

116 000 

4 090 


No 3 



31 000 




No 4 



31 000 

1 
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Position 

Which 
crank 
30 past 
firing 
dead 
centre 

Bending 
moment 
in lb 
(see pre 
vious 
tables) 

Number 
of twist 
mg 

moment 

cur\e 

Twisting 
moment 
in lb 
from 
curves 

Equivalent 
twisting 
moment 
in lb 

Maxi 
mum 
shear 
stress 
lb per 
sq in 

E Crank 

No 1 

38 200 


112 000 



pm 

No 2 

56 500 

(2) 

115 000 

128 000 

4 610 

No 3 

No 3 

99 000 


31 000 




No 4 

2 600 


31 000 




No 1 

5 800 





G Journal 

No 2 

6 400 

(3) 



3 530 


No 3 

72 600 






No 4 

66 600 






No 1 

49 600 






No 2 

46 700 

(3) 



3 960 


No 3 

7 200 






No 4 

109 700 

! 






No 1 



82 000 


2 890 

I Journal 

No 2 

— 

(4) 

82 000 

— 



No 3 



82 000 




No 4 



82 000 




Conclusions — ^Maximum Shear Stress 5 040 lb sq in — 
Taking the fatigue stress in sheai for mild steel subject to 
combined bending and twistmg at 16 000 lb pei sq in the 
factor of safety for a shaft newly Imed up is about 3 and 
dimmishes very considerably as the bearmgs become worn out 
of level 

The high values of the stresses at the centre of the shaft 
point to the advisabdity of making all couplings between 
sections of the crank shaft of the full torsional strength of the 
shaft 1 e the aggregate shearmg area of the couplmg bolts 
multiphed by the radius of their pitch circle should be equal to 
the twistmg modulus of the shaft Thickness of couplmg 
flanges diameter of the shaft 
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FLY WHEELS 

The Functions of a Fly wheel are — 

1 To keep the degree of uniformity within specified 
limits 

2 Where alternators running m parallel are m question 
to limit the angular advance or retardation of rotation to a 
specified fraction of a degree ahead of or behind an imaginary 
engme rotating with perfectly umform angular speed 

3 To limit the momentary rise or fall in speed when full load 
IS suddenly thrown ofi or on 

4 To facilitate starting under compressed air 

In addition to the above the fly wheel usually serves as a 
barring or turning wheel and a valve setting disc also the 
inertia of the fly wheel has great influence m determinmg the 
critical speed at which torsional oscillations of the crank shaft 
are set up 

Fly wheel Effect — ^The fly wheel effect of a rotating bod 5 - 
is its polar moment of inertia (mass x radius of g 3 n‘ation 
squared) about its axis of rotation For a fly wheel or pulley 
it IS found approximately by multiplying the weight of the rim 
in pounds by the square of the distance in inches from the axis 
to the centre of gravity of the section of the rim the result 
being in in ^ lb umts This underestimates the moment of 
inertia slightly and a more accurate method will be described 
later The fly wheel effect of the running gear of one cyhnder 
IS found with sufficient accuracy for most purposes by adding 
tlie weight of the revolvmg parts (crank pm plus unbalanced 
part of two crank webs plus O 65 of the connecting rod) to half 
the weight of the reciprocating parts (0 35 of the connecting 
rod plus cross head plus piston rod plus piston etc ) and 
multiplying the sum by the square of the crank radius 

For a screw propeller the radius of gyration may be taken as 
O 35 of the extreme radius if details are not available 
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Degree of Uniformity — 

T. £ £ , Max speed — Min speed 

Degree of uniformity = ^ r-*- 

Mean speed 

Let d=Degree of uniformity 

■Wi=Max angular speed in radians per second 
■W2==Mm 


Tliend=2- 


(Wl — w ) 
(Wi+Wa) 


( 1 ) 


Eor a specified value of d the necessary fly wheel effect 
18 calculated by means of the resultant twisting moment curve 
of the engine Let Eig 49 represent the twisting moment 
curve and the hne A C the mean twisting moment Let ABC 

be the loop of largest area (with multi 
cylinder engines there are in general as 
many positive and negative loops in a 
complete cycle as there are cylinders and 
the area of each positive loop is the same 
as that of each negative loop) If the 
loop A B C IS above the Ime A C then the speed of the engine 
IS a mimmum at A and a maximum at C and the increase of 
rotational energy of the fly wheel etc between A and C is 
equal to the work represented by the area of the loop ABO 
Let A = Area of loop A B C msq in on the diagram 
E=Work represented by A B C m in lb 
a=Scale to which turmng moments are plotted m in lb 
to the inch 

b= Scale to which crank shaft degrees are plotted in 
degrees to the inch 


B 



Fio 49 


Then E = 


Axa xb 
57 3 


57 3 being the number of degrees m a 
radian 


Let WK®=Fly wheel effect (moment of inertia) in in ® lb 

Then kmetic energy of wheel — (g=386 in /sec ®) 

2 g 

Change of kinetic energy from A to C 
_WK* ^ WK*d. , 

=WK® d w®(M:EAZff) — g 
if the difference between Wj and W 2 is small 
But the change of kmetic energy is equal to E 
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WK^ 

w 

and or WK>. 


WK“w* 


d 


( 2 ) 


Example Single cylmder engine 10 bore x 15 stroke 
Revs 300 Turning moment diagram as in Fig 48 full line 
E = 151 000 in lb Radius of gyration of wheel oO Required 
to find the weight of the wheel to give a degree of uniformity of 

300 X2« . , 

w= r;: =31 4 radians per sec 


W K2 = 


60 
Ex 386 


151 000x80x386 


w^ d 


31 42 


= 4 730 000 


Fly wheel effect of running gear f267+?^) x7 52=21 600 
m 2 lb \ 2 / 

WK® for fly wheel=4 730 000—21 600=4 708 400 m 2 lb 

but K=30 


W = 


4 708 400 


302 


= 5230 lb =2 34 tons 


Twisting Moment Diagrams for two and four stroke engines 
having from one to eight cyhnders are shewn m Fig& 50 to 61 
These have been drawn for an engine 10 bore by lo stroke 
As the twisting moments of two engines of different sizes are 
proportional to the bore 2 x stroke these curves may be used 
for engmes of any size by multiplying the moments by the 
bore 2 (m mches®) xthe stroke (in inches) and dividing by 1500 
The excess energy represented by the largest loop in each 
diagram is given in the schedule below for each case 


Fottk Stroke Engines Two Stroke Engines 


Number of 
Cylinders 

E m in lb 
for 10 X 15 
Cylmder 

Emm lb 
for 1x1 
Cylinder 

Emm lb 
for 10 X 15 
Cylmder 

Emm lb 
lor 1x1 

Cj Imder 

1 

161 000 

101 0 

126 600 

83 7 

2 

127 600 

84 8 

68 600 

39 0 

3 

87 300 

58 2 

48 700 

32 4 

4 

38 600 

26 7 

39 000 

26 0 

6 

39 100 

26 1 

11 150 

7 4 

8 

31 700 

i 

21 1 

2 200 

1 5 


H 
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Substituting those values of E for a cylinder 1 m x 1 in in 
equation (2) the following formula is obtamed — 


WK2 


CB® S 



Where B =Bore of cyhnder in mches 
S= Stroke in inches 
n= Revolutions per mmute 
Values of C are given in the followmg schedule — 


No of 
Cylinders 

C for 4 Stroke Engine 

C for 2 Stroke Engine 

1 

3oo 

243 

2 

298 

137 

3 

204 

114 

4 

90 

91 

6 

91 

26 

8 

74 

5 


Values for d used in Diesel Engine Practice — ^For 
certam purposes as for mstance spinning mills a fine degree of 
uniformity is desirable and d= about xJv 

For direct coupled contmuous current dynamos d=^ is 
sujB&ciently fine to prevent flicLeimg of hghts and may be used 
unless considerations of momentary govermng demand a 
heavier wheel than the use of this figure would give rise to 
For marme engines and land drives where regularity of 
turning is not of importance d may be about 

The above values for the degree of uniformity must be used 
with caution as m a large number of cases (particularly four 
stroke engmes of six cylmders and upwards and two stroke 
engines of three cylmders and upwards) the considerations 
discussed m the next article outweigh those of regularity m 
turning 

Momentary Governing — Under the head of govermng it is 
usually specified that the rise m speed when the load is thrown 
off suddenly or the fall m speed when the load is suddenly 
thrown on shall not exceed a certam percentage (usually 
between 6 and 12) of the mean speed Actually the governor 
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has lelatively small control over this use or fall of speed as at 
the instant when the load is thrown off sufficient fuel has 
already been deposited in the pulverisers to carry the engine 
against full load foi a period which may be anything up to 



S 

£ 


g 

3 

CO 

g 


two revolutions m the case of a four stroke engme The brake 
energy developed during this period is entirely devoted to 
acceleratmg the fly wheel and other rotatmg masses Owing 
to the fact that the governor does not act immediately the load 
IS throiyn off the wheel should be capable of absorbmg the 
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whole power of the engine for about three revolutions in the 
case of a four stroke engine about 1 6 of a revolution in the case 


of a two stroke engine 

Example B H P of engine (four stroke) 180 
Revolutions per mmute 375 

Momentary rise in speed when 
full load IS suddenly thrown 
ofE 12% 

Radius of g 3 ?Tation of wheel 18 m 


It IS recLUired to find the weight of the fly wheel neglecting 
the fly wheel eSect of the runnmg gear 


Work done per revolution at full load 


180 X 33 000 X 12 


376 


m lb 


Energy corresponding to three revolutions 
180x33 000x36 


375 


=670 000 m lb 


2 ^ 2^75 

Angular speed at full load — — =39 3 radians per second 

Momentary angular speed when load is suddenly thrown oS 
39 3 X 1 12=44 0 radians per second 
If W = weight of wheel then — 

(44^-39 3*) = 570 000 m * lb 

and W = 3470 lb 


Alternators m Parallel — ^When two or more alternator sets 
are being run in parallel it is a necessary condition for workmg 
that they keep almost exactly m phase Due to inequahties 
of twisting moment shght differences of phase mevitably occur 
and these give rise to synchromsing currents between the 
various machines the tendency of these currents bemg to 
accelerate the laggmg machmes and retard the leadmg ones 
This effect keeps the whole system m a state of stabihty but 
cannot be rehed on to correct any large fluctuations and on 
this account it is usual to specify that the maximum deviation 
from uniform rotation shall not exceed three electrical degrees 
on either side of the mean If the alternator under considera 
tion has a field of two poles only then the electrical degrees 
corre^ond to crank shaft degrees In general if the number 
of pole pairs is p then one crank shaft degree corresponds 
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to p electrical degrees So far as the engine designer is 
concerned then the problem consists in ascertaining the fly- 
wheel effect required to keep the cycho fluctuations on th 
engme fly wheel within a certain number of degrees or more 
commonly within a certain fraction of a degree of re\ olution 
on either side of the mean 

The method of calculation may be described briefly thus — 

(1) Assume any convement figure foi the fly wheel effect 

e g 100 000 in ® lb 

(2) Plot twisting moment curve for complete period taking 

the zero of ordinates at the mean twisting moment 

(3) Reduce crank angles to time in seconds assummg uniform 

rotation 

(4) Reduce t-wisting moments to angular acceleration in 

degrees per second® by dividing by the assumed fly 
wheel effect and by the acceleration due to gravity 
(386 in per sec ®) and multiplying by the number of 
degrees m a radian (57 3) 

(5) Plot angular acceleration to time or crank angle base 

(6) Integrate by plammeter or otherwise obtainmg angular 

speed curve 

(7) Integrate again obtaining angular displacement curve 

(8) Measure maximum de-viation from the mean position m 

degrees 

(9) Increase or decrease the assumed fly wheel effect in pro 

portion as the angular de-viation so found is more or 
less than the deviation specified This gives the fly 
wheel effect required 

Example Three cylinder four stroke engine — 


Bore 20 m 

Stroke 32 

Revolutions per mmute 150 

Number of pole pairs 20 


Angular deviation 3 electrical deg 
Twisting moment curve as m Fig 62 
The mean t-wisting moment bemg 
taken as the basis 


The whole calculation is contamed m the table below m con 
junction -with Figs 62 63 and 64 

Smce the engme makes 150 revolutions per mmute therefore 


20 ° = 


20x60 

150x360 


=0 0222 sec 
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Assume fly wheel effect of 10* m * lb for purposes of calcula 
tion Then — 

. , ^ , . Twisting moment x 386 

Acceleration m radians pei sec ^~To« 

, , T M X 57 3 X 386 T M 

m degrees per sec == 


Referring to the table below — 

Values given in column 2 are scaled off Fig 62 

3 are obtained by dividing those 

m column 2 by 45 3 

4 are obtained by multipl3nng 
the values in column 3 by 
0 0222 sec 

Column 6 is obtamed by successive addition of speed 
mcrements 

Column 6 contains corrections necessitated by the fact that 
the resultant of column 6 is not zero owmg to errors 

Column 7 gives corrected speeds which are plotted in Fig 63 


ISmSB 

B 

S 

■■ 

■■ 

B 


B 

B 

B 

n 


B 

B 

B 

B 

a 

B 

B 

B 

B 

wasa 

g 

a 

B 

B 

a 

B 

B 

B 

B 

a 

B 

5 

i 

s 

B 

■a 

a 

S 

a 

a 

a 

E 

B 

B 

B 

s 

B 

B 

B 


a 

a 

1 

SB 

SB; 

SB 

B 

SB 

s 

BE 

SB 

SB 

09 




Columns 8 9 and 10 are obtained similarly to columns 2 
4 and 5 

Total swing in phase (see Fig 64) 24+28=52° or 26 each 
side of the mean 
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3 

Allowable swing 3 electnoal deg =orank shaft deg 

Ely wheel efEeot assumed for calculation 1 000 000 m ^ lb 

Theiefore fly wheel effect reqmred 

= I =173 X 10® in 2 lb 

O 

If ladius of gyration of wheel is 65 in 
Weight of wheel =^^^^^^=18 3 tons 

Allowance for the fly wheel effect of the alteinatoi rotoi 
would 1 educe this flgure a little 

Torsional Oscillations and Critical Speeds — ^In the great 
majority of land Diesel Engmes the critical speed at which 
torsional oscillations of the crank shaft would occur hes far 
above the practical range of the engine With marine mstalla 
tions the probabihty of a critical speed oocurrmg withm the 
working lange of speed is higher In any case the possibihty 
should be examined and foitunately the trouble can usually 
be avoided by a smtable modification to the fly wheel oi the 
shaftmg Supposmg for the moment that a marme engme is 
undei consideiation Then the fly wheel the crank masses 
the propeller and the shaftmg etc constitute an elastic system 
havmg a natural frequency of torsional oscillations which 
depends on the amounts and positions of the fly wheel effects 
of its component parts and on the stiffness of the shafting If 
this natural frequency happens to be the same as the fiequency 
of the torsional impulses due to the workmg strokes of the 
engme then the oscillations tend to become accumulative 
vibrations are felt m the shaftmg and the crank shaft may 
hammer m its bearmgs Then the engme is ru n ning at a 
critical speed In general a two stroke engme gives as many 
torsional impulses per revolution as there are cylmders and a 
four stroke engme half this number so that a two stroke 
engme attams its critical speed at one half the number of 
revolutions required by a four stroke engme Eor example 
Suppose the crank shaft etc of a six oylmder four stroke 
engme has a natural frequency of 2400 complete oscillations 
per mmute then the critical speed will be 800 revolutions per 
mmute A similar engme workmg on the two stroke cycle 
would have a ontical speed of 400 revolutions per mmute It 
will be obvious that all the revolvmg masses m connection with 
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the Clank shaft (apait from trifling items) must be taken mto 
consideiation so that the critical speed of a marme engine 
coupled to a dynamo for testmg purposes wiU be different to 
that obtained when the engine is installed in the ship 

Natural Frequency of Torsional Oscillation — Considei the 
simple system shewn in Fig 66 
consisting of a shaft fixed at 
one end and carrymg a fly 
wheel at the other If the fly 
wheel be turned through an 
angle against the torsional re 
sistance of the shaft and then 
released suddenly the system 
will oscillate until the energy 
has been dissipated in friction 
the angle through which any 
section of the shaft oscillates being proportional to the distance 
from the fixed end The latter is called the Node 





Let f =Frequency m complete oscillations per second 
F ^Frequency mmute 

d =Diameter of the shaft in mches 
I=Polar moment of inertia of shaft section in inches* 

I =Length of shaft in mches 
W = Weight of the \^heel in lb 
K =Eradius of gyration of the wheel m inches 
g = Acceleration due to gianty m inches per second ^ (386) 
G=Modulus of rigidity of the shaft material (about 
12 000 000 lb per sq in ) 


Then — 


* -Ls/ rwl^ ^ 


( 1 ) 


If the shaft is not of the same diameter throughout its length 
but consists of sections of length etc of diameter d^ dg 
etc then the equivalent length Zq of shaft of standard diameter 
dfl is given by 




Foi example 
12 m shaftmg 


vdi 

1 ft of 6 in shaftmg is eqmvalent to 16 ft of 

/ 12 \ * 

16 ft bemg ( -g ) ®’or this reason the 


lengths occupied by couphng flanges etc , are neghgible 
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If there are a numbei of fly wheels or other rotating masses 
at diffeient distances from the node then the frequency is 
given very closely by the following — 


' IGg 


In the ease of an engine and shafting no pomt on the latter 
IS fixed and the position of the node is to be mferred from 
considerations of d37namie equihbrium It will be obvious that 
a unifoim shaft vith an equal wheel at each end will have its 
node at the centie the oscillations of the two wheels being 
equal m magnitude and opposite in sense at every instant 
It IS almost equally apparent that in a similar case with un 
equal wheels the position of the node will divide the shaft into 
two lengths m mverse ratio to the fly wheel effects at their 
ends 

In general the position of the node is determined with 
sufficient accuiacy to enable the critical speed to be predicted 
withm a few i evolutions per minute by treating the fly wheel 
effects (moments of ineitia) as though they were weights and 
locating the node at then centie of gravity 

A. crank shaft may be treated as a uniform shaft of the 
diameter of the journals 


Example Six cyhnder two stroke marine engme 


Bore 24 m 

Stroke 35 in 

Revolutions per mmute 120 

Diameter of shaft 15 in 


Lengths of crank shaft as in Eig 66 

AA eight of fly wheel 12 000 lb 

Radius of gyration of fly wheel 40 in 

\ /eight of revolvmg parts foi one crank 4 500 lb 


leciprocatmg paits 
propeller 

Radius of gyration of propeller 
Shafting 


5 000 lb 
10 000 lb 
20 in 
as in Fig 66 


Reduction of Shafting to Standard Diameter of 15 Inches 
Length of 14 shaftmg 620 in 

Equivalent length of 15 shaftmg 620^^^ ^=81 6 m 
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Equivalent length of 15 shafting between the pio 
peller and fly wheel =150 +815 +60 =102o in 

Moment of inertia (polar) of 16 shaft =— xlo^=4960 m * 
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Fly wheel Effects — 

W Kl® for piopellei =10 000 x 20 =4 000 000 in lb 
W K.® for Clank masses =(4o00 +2500) 6 1^17 5 

=12 900 000 m lb 

W K ® for fly wheel =12 000 x40^ = 19 200 000 in ^ lb 
Position of Node — Take moments of fly wheel effects 
about A — 


19 20 X 1026 =19 700 
12 9 (1025 +37 +48 +74 +24) = 16 600 

Total 36 300 


The distance of the node from A = ■ ^ ■ =978 in 

OD 1 

Dealing with the part of the system to the left of the node 
and applymg equation (1) — 


F 


-« esy 


4960 X 12 X 108 x386 
978X4X108 


And the critical speed 


730 


=730 oscillations 
per minute 


=121 6 RPM 


which IS practically the working speed of the engme 

Critical speeds of the second and third order and so on 
are possible at 61 30 6 R P M etc but these are not as a 
rule important 

It is sometimes useful to repeat the calculation for different 
•weights of fly wheel and plot a curve connecting moment of 
inertia of fly wheel and critical speed so that the possible 
variation of critical speed obtamable by altering the fly wheel 
can be seen at a glance 

Toisional osciUa'tions about two or more nodes are also 
possible but as these mvolve higher speeds and are therefore 
more subject to dampmg it is doubtful if they are of much 
practical importance 

To find the Moment of Inertia of a Fly •wheel — In the first 
mstance suppose the wheel in question is a disc wheel i e a 
sohd of revolution Referring to Fig 67 the thick full line 
represents the section of the wheel Z Z is the axis and S S is a 
hne through the extreme radius of the wheel parallel to the 
axis at a distance R from the latter Rule any line A B parallel 
to the axis cutting the outlme of the section in A and B 
Project A and B on to S S at C and D Join C and D to any 
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convenient point O on the axis cut 
ting A B in Ai and Bi Pioceed 
<?inulaily %vith differ ei t positions of 
the line A B and join up the vaiious 
positions of Ai and Bj thus obtain 
ing a new figuie — ^the First Derived 
Figuie Tieat this figure as though 
it were the original figure and ob 
tain the Second Derived Figure 
Simdaily vith this figure obtaining 
the Third Derived Figure 



Fie 67 


Let A = Area of original section in sq in 

Ai=Aiea of First Derived Figure in sq in 
A 2 =Area of Second Derived Figure in sq in 
A 3 =Area of Third Derived Figure in sq in 
w= Weight in lb of one cubic inch of the material 

ra if® 1 r® 

ThenA=l ydx Ai=^j^xjdx Ag^^l x^ydx 

1 

fB 

Weight of wheel = 25r w J x y dx = 27r w R Aj 


Moment of inertia of -wheel 

A 

Radius of gyiation®=P® 

Ai 


=2,» j’ 


x®y dx = 2ffW R^Ag 


The above hold good for any position of the line S S which 
may therefore be taken where most convenient In cases 
where the section tapers towaids the extreme radius (a screw 
propeller for instance) the line S S is best located at a distance 
of about one half or one third of the extreme radius from the 
axis 

In the case of a screw piopeller or a fly wheel -wath arms the 
rotating body must first be reduced to an equivalent disc wheel 
This IS leadily done as follows Desciibe a radius R which cuts 
through the arms or blades as the case may be Divide the 
total area of section at this radius by 2Tr R and the result is the 
thickness of the equivalent disc at this radius Repeat for a 
number of different radii covermg the whole range 
Types of Fly wheels — Fig 68 skews a disc wheel cast in one 
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piece and provided with a number of drillea holes in the rim for 
turning the engine by means of a bar Degree marks are cut 
on the edge of the nm to facilitate valve setting Fig 69 shev s 
a disc wheel vith a separate centre an arrangement which 




makes it easier to obtain a sound castmg Large wheels are 
usually cast m two pieces and Fig 70 shews a design which is 
suitable for weights up to at least 20 tons It should be noted 
that no keys are provided for securing the wheel to the shaft 
If the boss of the wheel is bored one thousandth per mch of 



diameter less than the shaft and the bolts are drawn up at 
about the temperature of boiling water the frictional grip is 
quite sufficient for the largest wheels and the danger of spht 
ting the boss of the wheel involved in the use of keys is avoided 
The same apphes to pulleys for belt or rope drives A rather 
more elaborate wheel m which greater precautions have been 
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taten js shewn m Fig 71 In this case it is advisable to make 
the bore of the wheel the same as the shaft diameter and to g ve 
a shrinking allowance of about one thousandth per inch of 
diameter to the bore of the shrunk nng For large stationaiv 
engmes some form of barring gear is necessary and -whtie 
electric power is available a motor driven gear is a great cu 
vemence For marine engines a worm oi other self lockmg 
gear is essential and where the auxiharies are electricall 3 
driven an electric turmng gear should be fitted as the use of 
the latter greatly expedites adjustments to the valve gear 



Fig 71 


Strength of Fly wheels — Contmental practice favours a 
peripheral speed of about 100 feet per second for cast iron fly 
wheels and this corresponds to a stress of about 1000 lb per 
sq in An investigation by Mr P H Smith mto the case of a 
spht fly wheel which burst at Maidenhead in 1912 shewed that 
the engme (the fly wheel of which had a normal working pen 
pheral speed of about 100 feet per second) was runmng about 
double its normal speed and as the stiess varies as the square 
of the speed it follows that the factor of safety under normal 
conditions was about 4 Destruction tests of wheels and 
models of wheels shew that the bursting speed is about 200 feet 

I 
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per second for split wheels and 400 feet per second for sohd 
wheels The discrepancy seems very laige and difficult to 
account for Average British practice is in favour of a slightly 
lower peripheral speed (about 90 feet per second) With 
marine engmes considerations of space generally necessitate a 
still lower figure The strength calculations for a fly wheel 
will be illustrated by an example 

Example Reqmred to find the approximate dimensions 
of a flv wheel suitable for 180 revolutions per minute given that 
W K2=40 000 000 m ^ lb 
Peripheral speed 100 ft per sec 

Maximum twistmg moment due to engine 460 000 m lb 

Outside ladius of wheel 63 7 m say 64 m 

2wxl80 

Take inside radius of rim =52 in 
Then radius of C G of rim section =58 in 
Let B = width of rim Then — 

Weight of nm = 12xBx2wx58xO 26 
And approximate moment of inertia 

= 12xBxl 64x683=40 000 000 m ^/Ib 
From which B = 10 5 m 


Smce the stress due to a peripheral speed of 100 ft per sec 
IS about 1000 lbs /m ^ the total ension at each joint of the 
rim IS equal to 12x10 5x1000 = 126 000 lb for which pull 
the dowel and cotter section must oe designed 
Allowable stress m dowel say 6000 lb per sq m 

Effective area of dowel section ^^^^^^ =21 sq m 

6000 

Smce about one third of the section of the dowel is out away 
by the cotter hole (see Fig 72) the gross sectional aiea of the 
21 X 3 

dowel must be — - — =31 6 sq m say 4 m x 8 m 
^ 8 

Thickness of cotter= — =about 2f m 

O 

Bearmg pressure of cotter on dowel 
126 000 ,, 

2 75x4 ^^^ ^ 

which IS allowable 

If the hole for the dowel is made J m wider than the dowel 


itself the bearmg length for the cotter on the rim will be 
R) 6— 45=6 m and bearmg pressure of cotter on run 
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- -- — -=7650 lb per sq in also allowable 

AUo-wable shear stress for cotter (which is in double shear) 
say 6000 lb per sq in 

Depth of cotter 2 in say 9^ m over the 

rounded ends 6000 x 2 76 

The distance 1 between the inside edge of the cotter hole 
and the nm joint must be sufficient to obviate risk of the 



Fiq 72 


intervemng metal being tom out in double shear (This point 
IS sometimes overlooked m otherwise well propoitioned nm 
joints ) 

Allowing a shear stress of 1000 lb per sq m — 


126 000 
1000 X 2 X 6 


= 10 6 m 
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Owing to the difficulty of analysing the straining actions on 
the arms it is well to give the latter ample proportions 
An approximate method of calculation is given below 
Assume that the maximum twistmg moment due to the 
engme (450 000 in lb ) is transmitted to the nm by means of 
a constant shear force across the arms and that the bending 
moment is a maximum at each end of an arm and zero at the 
centre 

The length of each arm from boss to rims is about 40 m 
and the distance of its centre from the centre of the wheel 
about 32 m 


Then shear force in each arm = — — =2340 lb (assuming 
SIX arms) 6x32 

And maximum bending moment at end of each arm = 
2340 x20=46 800 in lb 

Takmg a low stress of 600 per sq in to allow for direct 
tension m the arms bendmg modulus of arm section 


46 800 
500 


=93 in ® 


This IS satisfied by a rectangle section 6 m xlO in which 
could be replaced by an oval section about 7 in x 12 in to 
reduce wmd resistance The bolts at the hub of the wheel are 
sometimes made as strong as the rim ]omt in which case the 
core area of two bolts will be the same as the net effective 
area of one dowel viz 21 sq in 

This gives a bolt of about 4 in diameter If shrunk rmgs are 
employed these will have a square section about 10 6 =(3J m 
The above calculations must be regarded as prehmmary only 
and give the draughtsman a basis on which to start designing 
The next step will be to check over the weight and radius of 
gyration of the complete wheel m the manner already described 
The dimensions and stress calculations wdl then be amended 
accordingly 


Literature — ^For information on the strength of fly wheels 
see — Unwin W C and Mellanby A L The Elements of 
Machme Design Part II 

For information on ontieal speeds see — 

Bauer and Biobertson Marme Engines and Boilers 
Chapter III — Gnffin 
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of Freedom — Camb XJmv Press 

Morley A Critical Speeds for Torsional and Longitudmal 
Vibrations — E7ig%7ieerx'ng Dec 9/10 

Purday H F P Torsional Vibrations in Shafting — 
Motor sh^'p Sept 1922 

Wydler H Drehschwingen in Klolbenmaschinenanlageu 
— Springer 



CHAPTER, VII 


FJEtAMBWORK 

A iiAUG-E numlDer of different types of frameworl: have been 
employed in Diesel Engine construction and a complete 
classification vill not be attempted here The outstanding 
types in successful practice may however be broadly divided 
into a few well defined classes as under — 



A Frame Type — ^This is the earliest type of Diesel 
Engme construction and on account of its merits is still very 
extensively used Referring to the diagrammatic drawing 
Eig 73 it will be seen that a stiff bedplate of box section is 
provided and that each cylinder stands on its own legs without 
support from its neighbours The legs of the column are cast 
mtegrally with the cyhnder jacket into which a Imer is fitted 
The breech end of the cylmder is closed by means of a deep 
cylmder cover of box section 
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The mam tensile load due to the cylmder pressure is trans 
mitted from the cover through the jacket 
and legs to the bedplate The reaction 
corresponding to this load occurs of 
course at the mam bearmgs and con 
sequently that part of the bedplate be 
tween the column feet and the mam 
bearmg housmgs must be designed to 
deal with the bendmg moment occa 
sioned by the fact that the tensile load 
in the columns and the reaction at the 
bearmgs are not m the same plane 
Casting the cyhnder jacket and column 
in one piece reduces fitting and machm 
mg operations to a minimum and the 
independence of the individual cjhnders 
would appear to have no disadvantages 
so far as land engmes are concerned 
Fig 74 shews the same type of con 
struction applied to a two stroke land engme and Fig 77 to 
a four stroke maime cyhnder 

} 





Fis 74 


Fia 77 


Fig 78 
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*5,® ^®S5 enables crossbead and 

g des to be fitted (see Fig 78 which repiesents a large two 
eye e and engine) Occasionally one of the column legs takes 
he form of a steel tie rod with a view to giving greater accessi 
3' ® running gear and to enable the crank shaft to be 
leplaeed if necessary without dismanthng the whole engine 
Unfortunately this arrangement nuUifies many advantages of 
JZhh,, construction as special splash guaids must 

now be fitted to retam the lubricating oil which office they do 
not always perform very efficiently and also additional 




operations are mtroduced which add to 
the cost of production without mcreasing the efficiencv of 

oomfm^on apISS to 

rmik and crosshead engines respectively 
Crank case Type — The crank case type of Diesel EnamB 
was mtroduced when a desire was fett for higher suefrla 

w <»to blais eitor^ 

a*?! “ 
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the cover to the bedplate more frequently however steel 
staybolts are provided, for this purpose (see Fig 80) The 
latter procedure however does not justify flimsy construction 



or a careless distribution of metal in the crank case as the 
guide pressure has still to be reckoned with and the pressure 
caused by tightening up the staybolts may be relied upon to 
cause serious distortion of a poorly ribbed case 




The cylinders bemg separate are secured either by a round 
studded flange or by passing the staybolts through each corner 
of a deep square flange of hollow section cast at the lower end 
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of the cylinder jacket for this purpose The latter arrangement 
requires four staybolts for each cyhnder whereas with the 
former it is usual to arrange a pair of staybolts only at each 
mam bearmg girder With the crank case construction it is 
not necessary to make the side girders of the bedplate so strong 
as for an A frame type of engine as the bendmg action 
referred to above is avoided and the bedplate and crank case 
when bolted together form a girder construction of great 
rigidity On the other hand the upper part of the crank case 
IS clearly subject to bending actions similar to those which 




occur m the bedplate of an A frame engine and must be 
designed with this fact m view Eig 81 shews a section through 
a two stroke trunk engme of the crank case type Eigs 82 
and 83 shew the crank case construction apphed to crosshead 
engmes The suitability of this t 3 rpe of framework for marine 
service has been amply proved m practice In some cases the 
crank case is common to two or more cylmders and m others 
the case for each cyhnder is a separate castmg the mdividual 
cases bemg bolted together to form a virtually continuous box 
of great strength and ngidity 

Trestle Type — With this cor^truction illustrated m Fig 84 
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the cylinders are bolted to a base plate or entablature resting 
on trestle shaped columns the feet of the latter being secured 
to the main bearing girders If the guide casting itself and its 
attachment to the trestles are sufficiently strong this construe 
tion can compete with the crank case type of frame m the 
matter of rigidity The same efiect could doubtless be achieved 
by some form of bracing In Fig 84 an alternative form of 
crosshead and guide is shewn to which the trestle arrangement 



Fig 84 


particularly lends itself viz the fore and aft double guide 
usually found on paddle steamers The advantages of this 
form of guide for Diesel Engines are — 

1 Accessibility of running gear the piston coohng gear in 

particular 

2 The guide blocks being free to adjust themselves to the 

guides are capable of sustainmg a greater specific 
pressure and consequently require less bearing surface 
than the usual type of guide shoe 
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It IS to 1)6 noted that the trestle construction involves some 
httle extra care to retain lubricating oil when forced lubnca 
tion IS used 

Staybolt Construction — ^Withthisconstruotion thecylinders 
are connected to the bedplate by means of turned bolts only 
and the saving m weight on this account amounts to the 
considerable figure of about 26% of the complete weight of 
the engine The reduction m cost of manufacture must also 
be considerable when the staybars are made of ordmary bright 
shafting screwed at the ends Examples are shewn m Eigs 85 




and 86 for trunk and oiosshead engmes respectively In the 
latter the cast columns are relatively hght being designed for 
the guide pressure only and their top ends are made free to 
shde m order to avoid the subjection of the column to tensile 
strams on the compression and finng strokes When forced 
lubrication is used with such a construction special care is 
necessary m the detailed design of the casings for retammg 
oil These are either of well stiffened sheet steel supported on 
an angle iron framework or a combination of steel doors with 
hght cast bracmg pieces 

Design of Bedplates — ^The design of a smtable bedplate 
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involves oonsideiation of the following points winch will be 
dealt with in order viz — 

(1) The provision of a suitable mam bearmg 

(2) A girder construction under each mam bearing capable 

of supporting the full bearmg load without central 
support 

(3) A sufficiently strong and stifE connection between the 

mam bearmg girders formmg at the same time an oil 
tight tray 

(4) Smtable studding or staybolt arrangements for carrying 

the tensile puU of the columns 

(6) Arrangements for supporting the cam shaft drivmg gear 

(6) Means for collecting drainage of lubricating oil to some 

convenient sump whence it can readily be drawn ofE 
with a view to ffitration and repeated use 

(7) Facmgs for barring gear auxiliary pumps etc 

Mam Bearings — ^Examination of badly worn crank shafts 
indicates that the high bearing pressure obtaining for a short 
time when the piston is at its firing centre gives rise to far less 
abrasive action on the bearings than the less intense but longer 
sustained pressures due to meitia and centrifugal force m a 
four cycle engme It appears that a film of oil is capable of 
sustammg a heavy pressure for a short time but once the film 
has broken down relatively feeble pressure is sufficient to 
cause abrasion and there is small chance of the surfaces 
receivmg a new film of lubricant until the pressure is removed 
The result is that very httle trouble is experienced with the 
lubrication of the mam hearings of four stroke engmes (the 
pressure on the journals being frequently reversed) unless the 
peripheral speed is so high as to reduce seriously the viscosity 
of the oil film by means of the heat generated by friction 

With the highest speeds at present used m practice this 
contingency seems to have been successfully avoided by the 
use of forced lubrication without resortmg to water cooled 
bearmgs 

With two cycle engmes the direction of pressure is probably 
not reversed at all m most cases and lubrication is con 
sequently more difficult When the peripheral speed is low 
and the oil film m consequence as stable as possible satis 
factory resrdts are obtamable even with rmg lubrication of 
good ^sign if the maximum bearmg pressure is kept about 
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30% lower than would be considered good ordinary practice 
with four stroke engines If on the other hand high pen 
pheral speeds or moderate bearmg surfaces or both are 
required then a system of pressure forced lubrication would 
appear to be necessary preferably in conj unction with a system 
of water coolmg in extreme cases The following table gives a 
rough guide to the hmitations of the various systems of mam 
bearmg lubrication — 


System of Lubr cation 

j 

Peripheral Speed 
of Journal 
feet per minute 

i 

Projected Area 
of One Journal 
expressed as 
percentage of 
the Area of 
Piston 

PoTTB Stroke Engines — 



Rmg lubrication 

550 

55% 

Forced lubrication 

Forced lubrication and water 

750 

40% 

coolmg 

above 750 

40% 

Two Stroke Engines — 



Ring lubncation 

560 

75% 

Forced lubncation 

Forced lubncation and water 

700 

60% 

coolmg 

above 700 

60% 


Rmg lubrication for mam bearings at one time the usual 
practice for land engines is now almost confined to horizontal 
engmes which do not apparently lend themselves to the usual 
system of forced lubncation 

Rmg Lubricated Mam Bearings — ^These are similar to the 
bearmgs fitted to electnoal machinery and need not be described 
m detail The arrangements for catching the oil squeezed out 
of the bearmgs and conveymg it back to the oil well merit 
careful attention as meffieiency m this direction leads to un 
necessary waste of oil In particular the oil spaces and holes 
should be as large as possible to avoid congestion Fig 87 
shews a very usual form 

Forced Lubricated Bearmgs — ^These follow high speed 
steam engme practice very closely ard the usual form of 
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staggeimg the circumfeiential oil gioove m the top and bottom 
brasses is commonlj adopted See Eig 88 

Mam Bearings Shells — ^These are of cast iron or steel in 

commeicial work and in the 
best practice the shells are 
tinned previous to the white 
metal being poured in The 
chief essentials are — 

(1) Adequate thickness of 
shell 

(2) Good quahtj of white 
metal 

(3) Good adhesior between 
white metal and shell 

Common proportions are 
shewn in Figs 87 and 88 the 
umt bemg the diameter of 
the journal 

The bearing cap should be 
designed as a beam capable of 
carrying a central load eqmvalent to the full inertia and centn 
fugal load due to one set of running gear This is possibly a 


Cast fron 0 23 
Cast Steel 0 15 


httle on the safe side but reference to Chapter V wdl shew that 
the margin is not large in the case investigated there 

Mam Bearing Girder — Where forced lubrication is used 





128 


DIESEL ENGINE DESIGN 


the mam bearmg girder may coavementlj be of I section the 
bottom flange bemg formed by the oil tray for ring lubrication 
a box section lends itself more conveniently to the formation 
of the oil reservoir In any case the box section is preferable 
in the larger sizes The depth of the girder is determmed by 
that of the oil tray required to give an inch clearance or so to 
the connecting rod big end at the bottom of its path Referring 
to Chapter V it ■will be seen that the maximum reaction at a 
bearmg for the case considered is equal to 0 8 of the resultant 
load due to pressure inertia 
and centrifugal force and this I 


IS the load for which the girder 
must be designed In other 
oases the load may be less than 
this but it IS doubtful if m any 
case it approximates to the 
conventional load fiequently 
assumed "viz one half the re 
sultant cyhnder load 

A very debatable point is the 
extent to which the oil tray 
can legitimately be regarded as 
a part of the tensile flange of 
the girder The author s prac 
tice m this respect is to ignore 
the middle half of that part of 
the tray lymg between two 
bearing girders (see Eig 89) 
'Kie span of the girder is the 
distance between the two points 
at which it meets the side 
girders 

If W =Load on girder in lb 
1 =Span in in 
M =!Bendmg moment in 
in lb 

ThenM=0 2 W1 — approxi 
mately 

The assumption bemg that the 
fixmg moments at the ends are 
neghgible (which if not correct 



GO 

o 
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IS on the safe side) and that the load is distributed over the 
journal Allowable stress 1500—2500 lb per sq in for oast iron 
Side Girders — With A frame engines the bending 

moment on each side guder may be taken as — 

Half pressure load x Distance between centres of bearings 

6 

The usual stress allowance bemg about 1600 lb per sq in 
Where the trestle or crank case tjqje of frame is used the side 
girders may be of lighter section (proportions will be given 
later) 

Arrangements for Carrying Tensile Pull of Columns — 
With the A frame construction the foot of each column is 
secured by a row of studs the stress m which when referred to 
the normal maximum working pressure of 600 lb per sq m m 
the cylinder amounts to about 5000 to 10 000 lb per sq in 
according to the size of the stud It is very convement to have 
a hst of the loads which studs and bolts of different sizes can 
conveniently carry and such a hst is given below — 


Size of Bolt 
or Stud 
(Whitwortl ) 

Stress (Core) 
allowed 
lb /n 

"VN o k g Load 
lbs 

h 


240 


2850 

6o0 

i 

3550 

1080 

1 



1 


2750 

H 


36o0 

U 



If 



14 



If 

8500 

15 000 

2 


20 000 

H 


24 000 

24 


32 000 

2| 


37 000 

3 


46 000 


Care must be taken that none of the studs are at any consider 
able distance from adequate supportmg ribs This is best 

K 
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obtained by judicious spacing of the studs rather than tht 
provision of special ribs for the purpose 

"With the crank case and trestle types staybolts are usuallj 
fitted and m land work at any rate these should terminate 
within the bedplate and not penetrate to the under side of the 
latter for fear of oil leakage which would destroy the con 
Crete The studs or bolts used to secure the crank case to the 



bedplate may be disposed more with a view to mfl,Tnn g an oil 
tight jomt than to carry any definite load If staybolts are not 
fitted then a sufficiency of effective bolt or stud area must be 
amanged m the neighbourhood of each column foot and some 
of the bolts or studs must be mside the crank case 

Cam shaft Driving Gear —The motion required by the 
\alve gear is derived from the crank shaft by spiral or spur 
gearmg in the majoiity of designs Eig 90 shews a \er\ 
common arrangement of spiral drive with the driving wheel 
between the two sections of a divided mam bearmg It is good 


FRAMEWORK 


I3I 


practice to raake the combined length of the two sections about 
60% greater than the length of a normal bearing There would 
appear to be nothing against having the spiral wheel outside 
the bearmg altogether provided the gear is at the fly wheel 
end This position for the valve gear drive is preferable to the 
compressor end as the weight of the fly wheel tends to keep 
the journal m contact with its lower bearing shell whereas the 
forward journal has freedom of motion (under the mfluence of 
forces winch vary m direction) to the extent of the runnmg 
clearance 


In SIX cyhnder engmes the spiral gear is frequently arranged 
at the centre of the engme where it is very easily accommo 
dated There seems to be some feehng that the cam shaft 
[ would whip unduly if driven 



from the end This difli 
culty (if any difficulty can 
be said to exist) is easily 
overcome by making the 
cam shaft about 10% larger 
in diameter than would be 
considered sufficient for a 



four cylinder engine 

Where spur gearmg is 
used for the valve gear 
drive facings must be pro 
vided for the support of 
the first motion shaft 

Oil Drainage — With 



land engines of the non 
forced lubricated type the 
oil which drips down from 
the cyhnders and is thrown 
from the big ends is dramed 
periodically from the for 
ward end of the bedplate 
and holes are cored through 
the mam bearmgs guders 
to give the oil free passage 
Perhaps the best arrange 
ment is a rectangular duct 
about four mches square 
runnmg down the centre of 


Fig 91 
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the oil tray Small holes are useless as they are easily choked 
With forced lubricated engines the same arrangements are 
made with the addition of a collecting sump of good capacity 
a pump for forcing the oil into the bearings and filters 
m duphcate These features being familiar in steam engine 
practice need not be described in detail It must be borne in 
mmd however that where trunk engmes are being considered 
the oil IS contaminated with carbon so that the filtering arrange 
ments require to be on a more liberal scale than is necessary with 
engines m which the cyhnder is isolated from the crank case 
Proportions of Bedplate Sections — ^Fig 91 gives approxi 
mate proportions for various types of bedplate sections the 
umt being the stroke of the engine Type A is usually 
associated with the A frame construction Type B is 
a useful one for mam or auxihary marine engines as it enables 
the engme to be bolted direct to a tank top or to a deck with 
out buildmg up a special seating 

Type C is preferable to type A for land generating 
sets as the extra depth of bedplate enables the generator to be 
flush with the engine room floor without the necessity of 
buildmg the engine on an imsightly plinth A deep bedplate 
is also very desirable with six cyhnder engines as the canceUa 
tion at the centre of the engme of the inertia and centrifugal 
couples gives rise to vibrations the amphtudes of which are 
reduced by mcreasmg the stiffness of the framework 

The general thickness of metal may be about 4% of the 
cyhnder bore increased to about 6% or 8% on machined 
surfaces These figures are usually exceeded on small engmes 
on account of the difficulty of obtaining consistent results in 
the foimdry with thin metal The followung figures for 
different diameters of cyhnder represent good practice — 


Bore of 

General thickness of 

1 nder in 

Metal for Bedplate in 

10 

5 

8 

12 

1 

15 

ii- 

18 : 


21 

iiV 

24 


27 

H 

30 
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TliG above are useful as a guide but must not be relied upon 
without check calculations as special constructions may 
require local strengthemng to keep the stresses withm a safe 
figure 

A Frames — ^An A frame for a four stroke trunk 

engine is shewn in Fig 92 the discussion of those parts which 
are common to separate cylinders as distinguished from 
cylmders combined with columns will be reserved for a 
separate chapter The liner is a push fit or light shrink fit in 
the upper flange of the 3acket The fit at M should be a few 
thousandths slack to prevent seizure at this point The jacket 
IS swelled locally to give adequate water passage and six or 
eight strong ribs are provided to transmit the tensile load 
across this section which would otherwise be greatly weakened 
by the discontinuity of the wall At Q the liner is a push fit 
allowing the liner to expand axially relatively to the jacket 
Sometimes a stuffing box is fitted to prevent water leakage 
P IS the water inlet connection L L are bosses to accommodate 
lubricator fittings N is a cleaning door 

Strength of A Frames — hig 92 is drawn for a loin 
cylinder the stroke being 21 in and the dimensions given re 
present good average practice The stresses may be checked 
as follows — 


Maximum working pressure 500 lb per sq in 

load 0 784xlo x500 

= 88 000 lb 

Tensile stress m parallel part of jacket (mean dia =23 5 ) 


Next consider section AA of one leg For tins section 
conditions are worst if the nuts at the foot are not tight f^. rld 
the reaction at the foot consists of a simple vertical pull of 
44 000 lb Referring to Fig 92 the direct tensile puU. m the 
leg IS 42 000 lb and the sectional area at A A being 
67 sq mches 


Direct tensile stress at 
Shear stress 
Bending moment 
Section modulus 
Bending stress 
Total tensile stress 


AA =42 000 — 57 = 737 lb persq m 
= 13 500 — 57 = 237 
=44 000 X 9 5=42 000 m lb 
= ~ 230 m ® 

=420 000— 230 = 1825 lb persq m 
= 1826+737=2662 
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outside fibres of the column and 
foot^ bv^thL^hn?? actually occurs as the fixation of the 



FRAMEWORK 


13o 


Section BB is subject to maximum stressmg action if the 
foot IS securely fixed to the bedplate as it should be The 
vertical reaction of 44 000 lb is agam resolved into a direct 
pull along the axis of the leg amountmg to 42 000 lb and a 
shear of 13 500 lb The area BB being 64 in ^ therefore 
the direct tensile stress at BB =42 000— 64=6o7 lb /in ® 

The shear load of 13 6001b at BB being opposed by an 
equal but opposite shear load at AA there must be a 
couple of magnitude 13 500 x24 in lb to keep the pait of the 
leg lying between AA and BB in equilibrium Assum 
ing that this couple is composed of two equal parts operating 
at AA and BB 

Bendmg moment at BB =13 500 x 24— 2 = 162 000 in lb 

Section modulus =~170 in ® 

Bending stress =162 000 — 170 = 9o3 lb pei sq in 

Total tensile stress = 963 + 6o7 = 1610 

The stiess in the studs depends upon the degree to which the 
nuts are tightened and if of sufficient area the stress is prob 
ably not affected by the apphed load It therefore only remains 
to see if the loads induced by tightemng them up to their 
nominal working stress are sufficient to pre\ent the joint 
opemng 

Referring to the table on page 129 the nominal load of five 
If in studs = 75 000 lb Subtracting 44 000 lb theio remain 
31 000 lb to resist tilting about the outside edge 0 of the foot 
The distance from 0 to the centre of mean position of the studs 
IS 6 Jin and the correspondmg moment is therefore 31 000 x 6 5 
=202 000 m lb which is greater than the moment to be 
resisted 

Design of Crank cases — A simple form of crank case is shewn 
on Fig 93 stroke to bore ratio 1 25 The crank case is machmed 
on each side and in position is bolted to its neighbours an 
arrangement which though unusual has its advantages both 
m the factory and outside as the small sections are easier to 
handle than a crank case in one piece Provision is madp. for 
staybolts and the thicknesses of metal shewn are about the 
minimum to give satisfactory results with this design It must 
not be thought that these proportional thicknesses are capable 
of substantial reduction with large sizes of engme -without 
modification to the distribution of metal On the other hand 
if the interior of the ease is built up m girder or box formation 
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93 f ^ I*"!? ^7 mternal ribbing as shewn dotted m 
general thickness may be reduced by about 26°/ 

^ designing large enmnes 
the castmgs of which would be of undesirable thic^ieJ^S X 

^pler forms were adopted In the erent of sCbolts St 
g 113 ^ It m desirable to check the stresses in the legs in the 

manner described for an A frame Judging tytScSsW 
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designs the use or omission of the staybolts has httle influence 
on the strength of crank case recLuired and this is readilv 
explained by the fact that whereas the staybolts reheve the 
crank case of tensile stresses the tightening of the former 
throws a heavy buckling load on the crank case perhaps 
double the tensile load due to the working pressure in the 
cylinders These considerations do not apply however to 
those designs in which the staybolts are extended upwards to 
the cyhnder cover In these cases the crank case has only the 
guide pressure to contend with On the other hand the use of 
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staybolts passing through, lugs on. the cyhnders enables the 
latter to be pitched closer together than would be easily possible 
otherwise and ui any case they add strength and rigidity at 
very httle expense and increase in weight 

The above notes on the strength of crank cases as well as 
the figures for the thickness of metal apply equally to cross 
head as to trunk engmes The additional height of the former 
has httle if any influence on the matter as the guide reaction 
acts at the same height above the centre line of the crank shaft 
assummg the same length of connecting rod in each case 
Some alternative forms of construction are shewn in Eig 94 
In the case of very small engmes the use of the mmimum 
thickness of metal allowable on considerations of strength and 
rigidity only would give rise to trouble in the average foundry 
and additional thickness is usually given In the following 
table foundry considerations are neglected as these must be 
dealt with by the designer m each individual case in accordance 
with his judgment of the capabihties of the foundry in question 
and in this matter the foundry manager will be able to give 
assistance 


Bore of 
Cylinder 
m 

General thickness of i 
Crank case metal 
n 

Pla n type 

Fg 93 

General tlnckness of 
Crank case metal 
in 

Box or girder formation 
Fig 94 

Diameter of 
Whitworth 
Staybolts 
in 

10 


TF 

Is 

12 

f 

\ 

2 

15 

1 

TT 

21 

18 

f 

i 

3 

21 

i 


31 

24 


1 

4 

27 


ItV 


30 





The figures for the diameters of the staybolts are based on the 
assumption that they carry the whole pressure load In cases 
where the cyhnders are secured to the crank case by a studded 
flange the staybolts if fitted at all may be made considerably 
hghter aocordmg to judgment or the results of experiment 
Other pomts to be considered m desigrung a crank case are — 
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(1) The provision of oil tight access doors of ample size for 

ovei hauling the bottom ends 

(2) End casings provided with oil flmgers stuffing boxes or 

other means of preventing the escape of oil 

(3) Facmgs and other necessary accommodation for valve 

gear 

(4) Bosses to carry lubrication oil connections to the mam 

bearings 

(6) Facings for platform brackets 

(6) A vent pipe or valve of large area to relieve pressure m 

the event of an explosion in the crank case v ithout loss 

of lubricatmg oil during normal working 

(7) Steady pms to each section of the case to fix correct 

location 

Machining the Framework generally — In desigmng all parts 
of an engine the designer wiU keep m mind the capabilities and 
limitations of the manufacturmg plant and the operatives 
This IS especially necessary in the case of the framewoik on 
account of the relatively large size of the parts Where the 
most modem type of face miUing plant is available the element 
of size offers no difficulties and bedplates of 60 feet m length 
may be faced in one operation Where plamng must be resorted 
to the capacity of the machines must be studied in the early 
stages of the design Machmed faces should be arranged m as 
few different planes as possible and ribs or flanges projectmg 
beyond those planes are to be avoided as much for convemence 
m machining as for the sake of appearances The simpler forms 
of girder or box girder construction are to be pi ef erred to those 
designs m which alternate perforation by hghtemng holes and 
remforcement by ribbing mutually defeat each other s object 
The lightest strongest and cheapest forms are to be attained 
with a nummum of holes and ribs when cast iron is used Large 
steel castmgs however are preferably hghtened out almost to 
the extent of lattice work m order to facilitate rapid strippmg 
of the cores after sohdiflcation and to minimise imtial stresses 

Literature — ^The different types of framework used m Marme 
Diesel Engme construction and the forces actmg on them 
are discussed in the following paper — ^Richardson J The 
Development of High Power Marme Diesel Engmes Junior 
I E April 20th 1914 
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CYLINDEES AND COVEPS 

General Types — ^The great majority of Diesel Engines are 
provided witli cylinder Imer jacket and cover as separate 
pieces as in Fig 96 which refers to a four cycle tiunk engine 
DijSerent arrangements have however been used successfully 
and deserve mention With small engines simplification is 
achieved by casting the jacket and linei in one piece as m 
Fig 96 Eemembering that the bulk of the jacket wall remams 
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stone cold it will be appreciated that this construction involves 
increased tensile stresses on the jacket due to the tendency of 
the hner to expand and jackets of this kind have been known 
to crack circumferentially In cases where staybolts have been 
fitted to carry the tensile stresses from the cover downwards 
little damage has resulted On the other hand when the jacket 
has been lehed on for this function rupture durmg working 
may easily occur and has sometimes resulted 
in the cyhnder being projected towards the 
roof These considerations would appear to 
indicate that the use of this construction 
without staybolts or other safeguards is not 
hghtly to be attempted without serious con 
sideration of the capabihties of the foundry 
In Eig 97 IS shewn a construction in which 
the covei is incorporated with the cylinder 
casting in motoi car style In this ease the 
tensile stresses are mainly carried by the liner 
and the jacket is made relatively thin and 
flexible This design though probably safer 
than that of Fig 96 also makes some demand 
on the skill and care of the foundry people 
In this connection it is woith while bearmg in 
mind that many failures might possibly have 
been avoided if it had been realised that 
certain continental designs m which hghtness 
has been a primary consideration were only 
practicable if the greatest care were exercised 
in the selection of material and in making the 
castings There are other types of cyhnder in 
successful use notably those in which the Imer 
and cover are cast together apart from the 
jacket but this chapter will be very largely 
devoted to the consideration of the details of 
the more common construction m which the liner jacket and 
cover are separate pieces Unless the contrary is stated cast 
iron IS understood to be the material m each case 

Liners — Special cast iron is used for hners but there is little 
unanimity of opimon as to the most desirable propeities beyond 
the obvious requirements of soundness and homogeneity The 
grea est difficulty to be overcome is abrasion by the piston 
rmgs At present it seems open to question \p’he'^her the 
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problem is most influenced by the material of the liner or the 
piston rings themselves Four stroke liners very seldom crack 
except on the occasion of the seisure of an uncooled piston 
This immumty is traceable to the very moderate heat flux to 
which four stroke cyhnders are generally subject Two stroke 
hners of large size are hable to crack in course of time at the 
breech end if the flange is unduly heavy The subject of the 



Fig 98 Fig 99 


conduction of heat through the walls of the combustion space 
and the stresses induced thereby is of gieat importance in 
connection with large engmes particularly and will be con 
sidered latei 

Typical hners for four stroke engmes of the trunk and cross 
head types respectively are shewn m Figs 98 and 99 With 
the latter the piston is only of sufficient length to carry the 
rings and the length of the hner is determined by the position 
of the bottom ring at the bottom of the stroke With the trunk 
engme the hner must be long enough to embrace a sufficient 
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length (about equal to the bore) of the parallel part of the 
piston when at the bottom of its stroke m order to avoid a 
piston knock at the bottom dead centre It is therefore 
necessary to determme the clearance volume and complete the 
design of the piston before the length of the hner can be fixed 
finally 

The bore is usually parallel with four stroke engines and 
slightly barrelled in way of the ports in two stroke engmes to 
allow for the restraints which are inevitably placed at that 
position against free expansion of the hner Probably the best 
boie IS produced by fimshmg with a reamer in a vertical 
machine Grinding is fiequently adopted but there is a 
question if this process does not to some extent destroy those 
properties of cast iron which facilitate good lubrication The 
outside surface is frequently left unmachined in competitive 
work and there is probably no serious objection to this practice 
for four cycle work For two cycle engines it seems reasonable 
to take advantage of the mcreased heat conductivity obtain 
able by removing the skm 

Strength of Liners — ^The upper end of the liner is subject to 
a worl mg pressuie of about 500 lb per sq in and the thick 
ness at this part measured under the heavy top flange may be 
found by the following formula which repiesents average 
practice for substantial engmes — 

Thickness =0 08 bore+J 

The working stress being about 3000 lb pei sq m in the 
case of a 30 in cylmder and less m smaller sizes explosions at 
startmg etc may nearly double this stress occasionally 
Unfortunately the available information on the effects of 
repeated stress is not sufficiently complete at present to enable 
one to say defimtely whether or not these excesses of stress 
have any influence on ultimate failure by fatigue but the 
•writer is mclmed to beheve (on the stiength of such evidence 
as has come before his notice) that the ehmmation of these 
occasional excess pressures would not enable any substantial 
reduction of thickness to be effected "with the same margm of 
safety 

On account of the dimmution of pressure on expansion the 
liner may be tapered to a thickness of about 0 04 bore at the 
open end 

The breech end of the hner requires to be reinforced by a 
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heavy flange to avoid distortion due to the pressure of the 
cover on the spigot joint Proportions are given in Fig 98 

Points of Detail — ^The difficulty of accommodating the 
valves in the limited space available m the covei of a four 
stroke engine usually renders it necessary to make recesses in 
the top of the liner to clear the air and exhaust valve heads 
(see Fig 98) Four or more tapped holes are provided in a 
circumferential Ime round the hner to accommodate the 
lubricating fittmgs these being drilled when the liner is in 
position in the jacket The holes are located at about the level 
of the second piston rmg (counting from the top) when the 
piston IS at the bottom dead centre The fittings themselves 
wiU be described later The water jomt between hner and 
jacket at the lower end may be made by one or more rubber 
rmgs The joint between cover and hner may be of copper or 
asbestos compositions 

Two stroke hners are comphcated by exhaust and some 
times air ports (see Fig 102) In the earher designs the bars 
between the latter were always provided with water passages 
which introduced difficulties m manufacture and the value of 
which seems doubtful and these are now frequently omitted 
The fittmg surfaces at this pomt are preferably ground to 
minimise chance of leakage as the high temperature prohibits 
the use of rubber packing rings 

Cylinder Jackets — simple and effective form of jacket for 
a four cycle engine is shewn m Fig 96 and in th s example the 
jacket takes the pressure pull without the assistance of stay 
bolts The chief pomts to be observed are — 

(1) A heavy flange at the top to carry the liner and to enable 

the tensile forces concentrated at the studs to dis 
tribute themselves uniformly round the jacket without 
producmg high local stresses 

(2) A nearly plam cyhndrioal barrel as nearly as possible in 

hne with the pitch circle of the cover studs and provided 
with sludge doors bosses for lubricatmg fittmgs and a 
bracket for supportmg the cam shaft bearmgs 

(3) A circular flange at the bottom for secuxmg to the crank 

case 

The remarks re tensile forces under heading ( 1) apply here 
also but to a less degree as the studs are pitched closer to 
gether than would be feasible on the cover On these consider 
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ations the thickness of the jacket for equal strength should 
taper gently towards the middle and the form shewn in the 
figure IS the practical compromise Some of these pomts will 
be considered in greater detail 

Top Flange of Cylinder Jacket — ^In small engmes this may 
be sohd but with larger sizes say from 16 in bore and upwards 
dif&culty IS sometimes experienced m obtammg sound metal 
at this point and coring of the flange between the studs is 
resorted to m order to accelerate coolmg in the mould 
Different constructions are shewn in Fig 100 Schemes A and 





B A 

Fig 100 


B have the additional advantage of increasmg the coolmg 
surface Where four cycle engmes are concerned the im 
portance of this consideration is probably negligible Scheme 
B requires a water outlet connection between each stud if air 
pockets are to be avoided On the other hand the expense of 
cormg IS less than with scheme C 

Barrel of Cylinder Jacket — ^This is sometimes comcal 
mstead of cylmdrical and m this case it is reasonable to provide 
a vertical internal rib under each stud to discount the addi 
tional stress mvolved Consideration of manufacturing costs 
and of the good appearance of the engine rule out of court any 
form of external ribbing The brackets supporting the valve 
gear take many forms m different designs That shewn m 
Fig 96 18 the modem form and considered m conjunction with 
the gear it supports appears to combme most advantages 
mcludmg that of elegance 
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Bottom Flange of Jacket — ^If fourstayboltsarepiovidedfor 
each cylinder these may convemently be used to secure the 
latter to the crank case The concentration of the tensile load 
at four pomts necessitates a heavy flange preferably of box 
form as shewn m Eig lOi 



being each subject to a 
load of one quarter of the 
maximum workmg pres 
sure load deserve atten 
tion m the form of a 
calculation of the bendmg 
stress involved A plam 
square shape would appear 
to be preferable to some of 
the more elaborate shapes 
which have occasionally 
been used the flat sides 
lending themselves well to 
the provision of facings 
for various purposes 
Frequently the flange 
IS spigoted into the top 
of the crank case but as 
this involves an urmeces 
sary machimng operation 
on the latter and makes 
cylinder ahgnment more 
difficult the better prac 
lice IB to core the aperture 
m the Clank case suffi 
ciently large to allow for 
adjustment of the position 
of the oyhnder and to locate the latter by means of two 
steady pms 

Strength of Four Stroke Cylinder Jackets — ^The consider 
ations of strength which enter mto the design of a cylmder 
jacket are illustrated by the following check calculations 
relatmg to the cyhnder shewn in Fig 101 
Biustmg stress m Imer 

500 (lb per sq in ) X 6 75 
= ^ =3000 lb persq in 

J. J. xjO 


CYLINDERS AND COVERS 


147 


Nominal pull m each cover stud= ^^^ ^ 0 784 x 14 _gggQ 

O 

Permissible nommal load foi IJ m stud according to table 
on page 129 9300 lb 

Maximum working puU m ]acket=0 784x13 52x600 = 
71 500 lb 

Tensile stress in 3 acket= fr^ — 1670 lb per sq in 

TT X lo X U iO 

Owing to the pecuhar shape of the bottom flange the calcu 
lation of its strength presents a difficulty which is easilv evaded 
by substitutmg for the actual section a simpler one of obviously 
inferior strength 

Nominal load at each corner 71 500 lb — 4 =<^18 000 lb 

Moment from centre of bolt to jacket wall = 18 000 x 9 in lb 

Modulus of hypothetical section — 

5=30 2 .n » 

Q, 18 000x9 

Stress < — -- — le <6 400 lb per sq m 

In view of the unfavourable assumptions this is probably 
not excessive for first class cast iron 

Jackets for Two Stroke Engines — ^The necessity for provid 
mg exhaust passages or belts and m some cases passages for 
scavenge air as well introduces considerable comphcation into 
the design renders the stresses m certain parts more or less in 
determinate and makes greater demand on the s kill of the 
manufacturing departments m comparison wuth that required 
by four cycle construction 

Referring to Fig 102 it will be seen that the exhaust belt 
mterrupts the vertical hne of the jacket wall and if the latter 
has to carry the mam tensile stresses mternal nbbmg becomes 
a necessity The arrangement shewn is perhaps as good as anj 
but the attachment of ribs to the exhaust belt has a restraimng 
mfluence on the temperature expansion of the latter which 
can only result m mutual stresses It appears however that 
these are not very serious as cylmders which have failed m 
other respects have remamed mtact at this pomt Fig 103 
shews a construction in which a good attempt is made to 
secure contmmty of the vertical wall of the jacket Either 
of these systems i probably satisfactory for cyhnders of 
medium size Large cylmders however (and this appkes to 
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other parts as well) are known to be subject to greater temper 
ature differences than smaller ones (though not to the extent 
sometimes suggested) and the leading designers have had 
recourse to other expedients when faced with the problem of 
constructmg cyhnders of large size 

In Fig 104 the jacket wall may be described as similar to a 
honey pot in shape and of abnormal thickness to aUow for the 
bending stresses caused by the curvature of the walls and the 
fact that the tensile supportmg forces are locahsed at two feet 



riG 105 (See p ge 161) 


The exhaust belt is of relatively thin metal with compaiatively 
small support from the walls It will be evident that the 
strength of the jacket is very slightly influenced by the exhaust 
belt and that the latter is free of all but temperature stresses 
This construction therefore attams a good approximation to 
the correct allocation of the respective duties of jacket and 
exhaust belt 

As disadvantages may be cited abnormal weight of eyhnder 
and the difficulty of castmg a Cyhnder mvolvmg widely 
different thicknesses of metal 

Another and perhaps better way out of the difficulty is to 
connect the cylinder cover to the bedplate by means of stay 
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bolts thus relieving the jacket of aU stresses except those 
induced by temperature difEerences The jacket m this case 
virtually hangs from the cylmder cover and only requires to 
be attached thereto by studs proportioned to a load based 
on the cylinder pressure and the annular area lying be 
tween the cyhnder bore and the spigot at which the cover 
jomt IS made The upper flange is preferably made fairly 
substantial but other thicknesses may be made a practical 
minimum 



Cylinder Lubrication — ^The problem of cyhnder lubrication 
m Diesel Engmes consists in effectmg uniform distribution of 
mmute quantities of oil The quantity of oil admitted must 
be the minimum necessary to effect satisfactory lubrication as 
the oil cracks m service leavmg a gummy deposit which m 
course of time causes the piston nngs to stick Under favour 
able conditions this may be several months even a year 
Every drop of superfluous oil reduces this period hence the 
importance of uniform distribution so that every part may 
have sufficient but none a superflmty These conditions are 
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best secured by a separate controllable feed to each of about 
SIX or eight points round the circumference of the cvhnder A 
topical lubricating fitting is shewn in Fig 105 (pages 149-151) 
and the point to be obser'v ed is that the fitting must adapt itself 
to slight relative movement between the hner and jacket The 
small hole at the end which leads to the surface of the liner 
reduces to a minimum the chances of the fitting becoming 
choked with carbon With forced lubricated engines in which 
the cylmder is not isolated from the crankpit it frequentlv 
happens that more than sufficient oil reaches the cylinder ap^iit 
from any arrangements made for the purpose In this case the 
pioblem may be to devise scraper rings vent holes or other 
devices to remove the superfluous oil 


L nen *j3Cket 



Cylinder Covers — Owing to a considerable number of 
failures in service and difficulties experienced in manufacture 
cylmder covers for both four and two cycle Diesel Engmes 
have come to be regarded as difficult pieces of design and it 
may perhaps be mstructive to review the subject m a more or 
less historical manner 

The earlier type of four cycle cover is shewn m Fig 106 
from which it be seen that the internal oormg is comph 
cated and that a few core holes of small diameter only are 
provided to vent the core m the mould In spite of these dis 
advantages such covers have given good service when made 
by the most skilful of contmental manufacturers Dismissmg 
for the moment the question of manufaeturmg costs these 
covers have the foUowmg shortcomings — 
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( 1) The thin walls of uncooled metal hetw een the recesses for 

fuel and exhaust valves are liable to crack on over 
loaded engines 

(2) The hot exhaust passage is too rigid to permit of much 

expansion and leads to cracking of the bottom plate 

(3) The small core holes give poor access to the interior for 

purposes of cleanmg away accumulated scale 

Assummg first class foundry work the two latter con idera 
tions are perhaps the most important Modern development is 
on the followmg lines — 

(1) The provision of large doors which serve the double 

purpose of providmg good access for cleanmg and 
affording better support and ventmg for the core when 
casting 

(2) Ehmination of all mternal nbs as experience seems to 

shew that the tubular walls provided to accommodate 
the valve casings provide all requisite support between 
the top and bottom plates 

(3) Using brass or steel tubes expanded mto the recesses for 

the fuel valve and holdmg down studs 

(4) The use of square mstead of conical seats for the valve 

casmgs 



A cover designed on these Imes is shewn m Eig 107 Some 
makers have simplified the question of castmg at the expense 
of introducmg extra machimng and fittmg operations by 
Ttia,king the top plate a separate piece (see Eig 108 ) 

Another innovation which is becommg mcreasmgly common 
IS to place the fuel valve off centre This arrangement enables 
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the cooling space around the fuel valve to be increased but too 
great a displacement of the fuel valve from the cei tre position 
necessitates a special shape of combustion space 



Some modern developments in foui stroke cyhnder cover 
construction aie shown diagrammatically in Figs 109 to 112 
That of Fig 109 follows closely on traditional Imes with the 
exception that the lower plate is dished upwards to allow 
more freedom foi expansion and to give more loom foi the 



valves Fig 110 represents a combined cover and hner as 
used by the Werkspoor Co Fig 111 shows the kind of con 
struction adopted in some of the recent Burmeister and "W am 
engmes In this case the hner is seemed to the cover by a 
flange and setscrews Fig 112 shows a cover fitted with a 
water cooled pad to receive the heat which would otherwise 
reach the cover proper 
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Points of Detail — Owing to the large recesses for the valve 
cages a four cycle cover is relatively weak considering the 
amount of metal m it and on this account all stud holes should 
be well bossed under and all inspection openings w ell reinforced 
by compensating rings like a boiler 

The under face of the cover is machined all ovei but on the 



liMi 

■ 




Fig 110 


top face machining is sometimes restiicted to those parts which 
are occupied by valves etc This enables the corners to be 
given a libeial radius which in addition to improving the 
appearance facihtates moulding (see Eig 107) Fiom all 
considerations all internal angles should be well radiused 



Water is led to the covei by one of two methods — 

(1) By one or more tubular fittings screwed into the top of 

cyhnder jacket and passmg through holes m the under 
face of the cover (see Fig 113) With the type of 
jacket shewn m Fig 100b it is desirable to fit one such 
fittmg between each pair of cover studs 

(2) By means of an opemng in the side of the cover (see 

Fig 1 14) 
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Whatever means be adopted it is advantageous to fit 
internal pipes or baffles to encourage flow towards the fuel 
valve as accumulation of deposit at this pomt is to be 
avoided at all cost It is usual to ai range the outlet above the 
exhaust branch as stagnation at this point is also undesirable 
Proportions of Cylinder Covers — ^The depth of a four stroke 
cover generally works out to about 0 7 of the cyhnder bore 
the limiting factors being the size of the exhaust passage and 
the water space around it The foimer should be at least 
equal m area to the exhaust valve at full hft The passage 
starts by being rectangular in shape at the valve end and 
gradually becomes circular at the outlet where the diameter is 



Fig 113 Pig 114 


about 0 31 of the cyhnder bore The same applies to the air 
inlet passage The thicknesses of metal vary considerably in 
different designs and the pioportions shewn on the sketches 
represent average practice The bottom plate should either 
be fairly thick as shewn (small engmes) or well supported 
internally round the spigot in largei sizes to prevent caving m 
Strength of Four Stroke Cylinder Covers — ^The system of 
loads actmg on the cover comprise<5 the tightenmg stiesses of 
the studs the reaction at the spigot joint and the gas pressure 
on the lower plate The effect of such a system is to produce 
tensile stress m the top plate and compression on the bottom 
Considermg the lelative weakness of cast iron in tension and 
the fact that cracks m the top plate are of very rare occurrence 
it would appear that covers proportioned in accordance with 
average practice have a good margin of safety so far as pressure 
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stiesses are concerned In view of a few isolated failures or 
rather as a mattei of principle the strength should be subject 
to calculation Owing to the uncertainty as to actual condi 
tions the method of calculation detailed below must be eon 
sidered comparative rather than absolute 

The assumptions undeil 3 ung the method are as follows — 

(1) That the severest conditions of stress are due to a cyhnder 

pressure of 1000 lb per sq in due to pie ignition 
careless starting oi otherwise and that this pressure 
causes the covei to hft to such an extent that the 
reaction at the joint is ehminated 

(2) That the stress is uniform across a diametrical section m 

the case of a cover of constant depth and proportional 
to the distance from the neutral axis of the section in 
the case of a cover of varying depth This is not correct 
but probably involves approximately equal percentage 
of error in different cases 



Example Referrmg to Fig 115 shewing the weakest 
section passing through the recesses for the air and exhaust 
valves the section modulus is 160 ir ® 

Considering the forces to the right or left of this section 
we have — 

(1) A downward force at the stud circle equivalent to a 
pressure of 1000 lb persq in over half the circular area 
extendmg to the jomt spigot viz 784x13 252x 
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1000 — 2=69 000 lb This may be considered to act at 
the centre of gravity of the pitch semicircle that is at 
a distance of 9 6x2 — 7r=6 02 in from the section 
under consideration 

(2) An equal and opposite force on the under side of the 
cover acting at the centre of gravity of the semicircular 
area extendmg to the jomt spigot i e at a distance of 

6 625 x4 „ , . 

— ;; =2 8 in from the centre 

37 - 



I 

Fig 116 


The stress is theiefore — 

69 000 (6 02 —2 8) . _ _ ,, 

i=lo00lb per sq in 

150 ^ ^ 

Putting the above into the form of a rule — 

^ 1000 (Rb— f Ri) 

~ z 

Where 1 000 =Assumed maximum pressure 
f =Stress m lb per sq in 
B ,2 =Radius of stud pitch circle m in 
Ri =Inside radius of ]omt ring in m 
z =Section modulus mm® 
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Two Stroke Cylinder Covers — ^Where port scavenge is 
adopted the cover has only to accommodate the following 
fittmgs — 

(1) Fuel valve (3) Rehef valve (if fitted) 

(2) Starting valve (4) Indicator tube fittmg 

As all the above aie relatively small the easting of the 
cover IS much simplei than that for a four stroke engine 
Fig 116 shews a covei of this type arranged for four staybolts 
This type of cover is not smtable for large highly rated 



two stroke engines on account of the liabihty of the bottom 
plate to crack under the influence of heat stresses 
When valves m the cover are employed for scavenging 
purposes the construction depends on the number of valves 
If two scavenge valves are used the cover may be similar to 
that of a two stroke engine This arrangement seems to have 
fallen into disuse no doubt on account of the difficulty of 
securmg adequate valve area and efficient scavengmg 

Fig 117 shews a cover designed to accommodate four 
scavenge valves It will be noticed that the interior is divided 
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by a horizontal diaphragm separating the air space and the 
water jacket It appears that this diaphragm and the tnbulai 
connections to the bottom plate impose too gieat restrictions 
on the expansion of the latter and fractures have been fre 
quent (with both cast iron and cast steel) so that this type 



Fig 118 


of cover as hitherto designed must be considered a failure 
The writer understands that a modification of this design 
(patented by ]Mr P H Smith) shevninFig 118 has proved 
satisfactor-v and failures have been greatly reduced in fre 
quency Apparently the additional depth of the water jacket 



Fig 119 Fig 120 


and correspondingly mcreased freedom of expansion mimmise 
temperature stresses and the support afforded by the external 
shell keeps the bending stresses to a moderate figure 

Some recent types of two stroke cylinder covers are shewn 
diagrammatically m Eigs 119 to 121 

The first represents the Sulzer construction in which the 
fuel, startmg and relief valves are accommodated m a central 
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water jacketed cage The bottom plate is compaiatively 
thm and ceases at the spigot The S’vmmetiY of the casting 
and the flexibihty of the walls aie favouiable conditions fiom 
the pomt of view of immumty fiom heat stresses Fig 120 
shows a scheme used on the White two stioke engme This 
appears to aim at freedom of expansion and easy replacement 
of the bottom plate should fracture occur Fig 121 shews 
anothei apphcation of the cooled pad idea These examples 
illustiate the diveisity of the designs which have aiisen verj 
laigely with a view to i educing the habihty to failure on account 
of tempeiatuie stresses which are consideied in the next 
chapter 

The Shape of the Combustion Space — ^It has often been 



riG 1 1 


said that the ideal shape for the combustion space of an 
internal combustion engine is that of a spheie smce for a 
given volume this shape offers the smallest surface for the 
dissipation of heat Such an ideal cannot be reahsed in 
practice as a combustion space which is spheiical when the 
piston IS on top dead centre is no longer so when the piston 
has moved outwards on the expansion stroke 

This consideration apphes particularly to the Diesel Engme 
smce the maximum temperature of the Diesel cycle itj only 
attained after a certain fraction of the expansion stioke has 
been performed For this reason the spherical combustion 
space shewm in Fig 122 1 would probably shew little if anj 
advantage over the flat shape of Fig 2 so far as heat loss is 
concerned though the distribution of fuel and resulting effi 
ciency of combustion would probably be better with Fig 1 
So far as the writer is aware no such shape as that indicated 
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in Eig 1 has been used but the appioximation shewn m 
Eig 3 has been adopted in two oi thiee makes of small and 
moderate sized engine's One advantage claimed for this shape 
IS the turbulence cau ed by the expulsion of an fiom the 
anrmla.r space between the piston and the cyhnder head on the 
compression stroke The reveise flow on the expansion stroke 
IS probably responsible for an mcieased late of heat flow to 
the walls of the cover 

The first essential in a Diesel Engine is good combustion 
and this can only be secured if the fuel is well distributed m 



the fiirst mstance The combustion space should therefore 
be fairly compact at the dead centre The shape shewn m 
Eig 4 for example would render impossible good combustion 
at full load on account of the dead air at A to which the fuel 
could not find access On the other hand the pecuhar shape 
shown m Fig 5 is capable of excellent results provided the 
fuel blast is properly directed as shewn A similar shape 
(Fig 6) sometimes gives inferior results if the fuel valve is 
offset too far from the centre Moderate offsettmg of the fuel 
valve seems to have httle if any effect with large eylmders 
The earhest four stroke engmes were provided with flat 
clearauice spaces as in Fig 2 Better results are obtamed 
with the piano convex shape (Fig 7) or the convexo convex 




CYLINDERS AND COVERS 


163 


shape of Eig S The flat shape is ho^ evoi vi eil iiited to 
opposed pi ton engines and peihajps to single iDistoii engine 
having a stiohe to boie latio of about 2 1 and ux^vvaids nice 

the combustion space is then faiily deep 

Sometimes the maximum diameter of the combustion pace 
IS made in excess of the cyhndei bore in order to obtain moie 
room for the valves as in Eig 9 In these cases care must be 
exercised to avoid pochets of dead an Some designers aim 
at providing a considerable depth of an in the direction of the 
fuel blast as in Eigs 3 and 10 The maximum temperature of 
the piston is probably reduced by this construction Some 
form of the pochet type of combustion space would appear to 
be the only feasible one for double acting engmes (Figs 1 1 and 
12 ) 

The requirements of the combustion space in relation to 
good combustion may now be summarised as follovs — 

(1) Compact shape of space at to^i dead centre 

(2) Direction of fuel blast approximately through the C C 

of the combustion space if t^vo fuel valves are fitted 
each fuel blast should be directed at the C Gr of a 
symmetrica 11 V placed half space 

(3) Either (a) noimal impingement oj. fuel blast 

or (6) injection into a considerable depth of an 

Literature — Diesel Engine Cylmdei Dimensions — *\rticle 
in Engxnee'i %ng September 5th 1913 

Richardson J Paper on Marine Diesel Engines loc cit 

p 62 

Huist J E Cast lion with Special Reference to Engine 
Cyhnders Manchester A.s oc E December 9tli 1916 



CHAPTER IX 


TEMPEP 4.TTJPr; STRESSES 

Introductory — It is faiily generally lecogmsed tliat the 
stresses in the cjrlinders of internal combustion engines due 
to tempeiature chfPeienees aie at least as important as those 
due to pressnie at any late in the laigei sizes of engine and 
that the magmtude of these sti esses sets an upper limit to the 
size of cylindei which is possible with any given method of 
construction 

Such consideiations applj, with even gi eater force to 
cyhnder covers and pistons but it is not necefesaiy to agree 
wath those who maintain that the maximum size of cyhndei 
possible oi the maximum powei which caij. safely be developed 
in a cyhndei of given bore and stioke is necessaiily hmited by 
the materials available 

It IS true that every substantial advance in size and power 
ratmg accentuates the heat stress problem but there is no 
reason to suppose that such problems cannot be solved satis 
faetoril 3 . Some of the newer constructions which have been 
developed to overcome temperature difficulties have already 
been noticed and it can hardly be doubted that demand will 
be met by supply 

In the present chapter the general heat flow problem as it 
aflects Diesel Engme Design will be considered in detail with 
a view to throwing some hght on the principles involved 

Temperature difficulties m Diesel Engines may be classified 

three categories — 

(1) Local overheating as for example of exhaust valve 

heads piston crowns rmgs and Imer surfaces 

(2) Local temperature diflerences as for example the 

temperature difference between the gas and water 
sides of a hner or cyhndei cover plate 

(3) Extensive temperature differences as for example the 

temperature difference between the centre and the 
edge of an uncooled piston crown 

164 
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The tioubles coming undei the fiibt category’ aie avoided or 
mininused by either avoiding uncooled suifaces altogether oi 
b 5 making the uncooled pait of a special mateiial capable of 
peifoiming its function at a high tempeiature 

The stresses -which arise on account of the second categoij 
can onlv be kept wnthin safe limits b\ eithei limiting the heat 
flux to which the surface is subject oi else limiting the thick 
ness of metal through which the flux penetiates 

Extensive temperatuie diffeiences (3) aie in general only 
pioductive of temperatuie sti esses in so far as the temperatme 
diffeiences lefei to different paits of the same casting In 
these cases the stresses are to be kept withm safe hmits by 
adopting forms which admit of fiee expansion \ study of 
the problems which arise out of these considerations must 
cleaily start with an estimate of the distribution of heat flux 
to the vaiious membeis -which constitute the -walls of the 
oyhndei volume 

Heat Flow to the Jackets — ^The heat received by the 
cylindei walls may bo regaided as tiansfeiied thereto by 
convection and ladiation Any element of pure conduction 
mav piesumably be neglected except in so far as the piocess 
of convection culminates ir the conduction of the convected 
heat through a thin layei of stagnant gas in contact -with the 
walls The relative importance of the two processes of radia 
tion and convection in transferring the heat lost to the jacket 
lb not Itnown with any certamtj but a number of important 
facts have emerged as a result of the investigations some of 
which are ref ei red to at the end of this chaptei among these 
may be mentioned the following — 

(1) The heat lost by convection is inci eased bv increasing 
the state of tuibulence befoie and duiing ignition (Hopkii son 
and Cleik) This fact helps to aocoimt foi the observed fact 
that increasing the piston speed bey ond veiy moderate values 
does not veiy materially reduce the peicentage of heat rejected 
to the jacket Appaiently the increased aii speed through 
the inlet valve results in increased turbulence which tends to 
speed up the loss of heat 

(2) A mass of flaming gas is semi opaque semi tiansparent 
to its own radiations That is to say of the total radiation 
emanating fiom a smcull element of flame a certain part 
(usually a small fraction in cylmdei volumes of ordmary size) 
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IS absorbed in passing through the outer layers (Callendai) 
The practical bearmg of this fact is open to diffeient inter 
pietation in the present state of knowledge According to 
one school of thought the semi transparency of flame is fatal 
to large cyhnders on account of the augmented radiation flux 
which results from increasing the depth of the flame On the 
other hand it may be aigued that the paitial opacity of 
flaming gas must lead to the rejection by ladiation of 
smaller percentages of the heat liberated by combustion in 
cases of large cvlindeis as compared with small ones Both 
arguments are unsound since both ignore the duiation of the 
combustion peiiod and the question whether the total radia 
tion IS simply a functioii of tempeiature and time or whethei 
it depends i '' on the amount of heat evolved by com 
bustion Eortunatel 3 the heat flow question does not depend 
on the solution of these pioblems The total heat received in 
all ways bj the vinous elements of the cylindei walls can be 
measured approximate^ bv various moie oi less direct means 
These measurements indicate that tne jaol et loss expressed 
as a peT-centage of tne totcil heat supphed is nearly independent 
of the absolute size 

(3) The intensity ot ladiation s propoitional to some power 
(3 to 4) of the absolute temper atuie This fact helps to account 
for the fact that indicated efficiencies tend to fall off aftei a 
certain ciitical maxima m temperature is exceeded In what 
follows we shall only be concerned with the Diesel C 5 cle (foui 
stroke oi two stiol e) employing a normal full load M I P of 
about So to ’Oo lb per ir ch 

The water jacketed parts of a Diesel Engine comprise some 
or aU of the following — 

(1) Cahndei hnei (6) 

(2) C\lindei cover (7) 

(3) Exhau t valve's and cages (8) 

(4) Piston (9) 

(o) 4ir compressor 

Here we are only concerned wnth items (1) to (4) inclusive 
which on the average may be taken to account foi about 
25% of the total heat suxiphed reckoned on the lower calorific 
value of the fuel consumed at about full load This wnll be 
referred to below as the total jacket heat 

Whilst water cooled valves and cages absorb qmte an 


Intel cooler^ 
Exhaust manifold 
Crosshead guides 
Oil coolers 
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appreciable percentage of the 3 aoket heat it is doubtful if the 
cooling of these parts materially affects the total jacket heat 
since the exhaust gases are cooled thereby and are consequently 
m a condition to give less heat to the exhaust port in the 
cyhnder head oi cover The same argument apphes to the 
piston Heat received by an uncooled piston is mainly con 
ducted to the cylinder hner which therefore receives more 
heat than it would otherwise if the piston were cooled Before 
considering the distribution of the jacket heat it may be 
remarked that the latter under approximately full load con 
ditions when expressed as a percentage of the total heat 
supphed shews remarkably httle variation with such variables 
as piston speed mean indicated pressure stroke bore ratio 
absolute size etc withm the hnuts of ordinary Diesel Engme 
practice 

Cylinder Cover — ^The heat received by the cover of a four 
stroke engine consists of two parts — 

(a) That which passes through the bottom plate 

(b) That which passes through the exhaust valve port 

For simphcity we suppose that the cover is of the traditional 
flat bottomed type Gibson and Walker have attempted to 
measure b in the case of a gas engme and found an exhaust 
valve and port loss of 8 to 1 1 % of the total heat supphed or 
rather less than one third of the total jacket loss as here 
understood From the conditions of the expeiiment the e 
figures must be over estimated Dugald Clerk arrived at a 
similar estimate ba^ed on Burstall s gas engine tnals but this 
estimate is vitiated by the assumption that the heat pas^sing 
thiough the cyhnder cover face was equal to that received by 
the piston an assumption which Hopkinson has shewn to be 
very impiobable in a gas engine Hopkinson s estimate of the 
exhaust poit heat is about 6% of the total heat supphed in 
the case of a gas engine For Diesel Bngmes the writer is 
inchned to adopt the figure of 4^% of the total heat supphed 
or about 18% of the total jacket loss for reasons which appear 
below 

In the first place items a and b together only account 
for about 36% of the jacket loss in the case of a four stroke 
Diesel Engme having a stroke bore ratio of about 1 5 Further 
more recent temperature gradient measurements m the cover 
plate of a four stroke Diesel Engme havmg a stroke bore ratio 
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of 1 mdicate that the bottom plate in this case receives abou 
28% of the total jacket heat If the stroke bore latio wer< 
increased to 1 o the covei plate loss expressed as a percentage 
of the jacket loss vould ceitainly be reduced and woulc 
piobablj' be about 11° o (see Fig 124) leaving 35—17=18°^ 
for the port loss As a fiist appioximation we theiefoie adopi 
the following figures — 


PEKCEXTiGE OF TOTAL 

Jacket 

Heat 

Stioke boie ratio 

1 0 

1 5 

Cover plate 

28 

17 

Exhaust port 

18 

18 

Total foi covei 

46 

3o 


It -vtill be noticed that it la heie assumed that the exhaust 
port loss IS independent of the stioke bore ratio 

In the case of two stroke engines there is no exhaust poit 
in the cover and Tve are only concerned with the bottom plate 

Pistons — ^Even with uncooled pistons the maximum crown 
temperature is lo%v compared with that of the gases during 
the combustion and exhaust periods and it has been shewn 
that the heat tal en up from the piston by the chaige is small 
The net heat leceived bj the piston ciown is not therefore 
greatly influenced bv the cooling means adopted Hopkmson 
has shewn that the heat dissipated from the underside of the 
crown of an uncooled gas engine piston has very little effect 
on the temperatuie of the lattei He has also shewn how to 
calculate the amount of heat received by the piston from two 
temperature measuiements at two different distances fiom 
the centre of the crown On these assumptions the piston of 
his 11^ x21 gas engine received about 12% of the total 
jacket heat In Burstall s trials of a 16 x24 gas engme the 
water cooled piston received about 16^% of the total jacket 
heat 

With the foul stioke Diesel Engine with square cylinder 
alreadj referred to the measuied piston heat amounted to 
12% of the total jacket heat but in this case it is probable 
that owing to the relatively mild charactei of the oil coohng 
a certam amount of heat received by the piston was conducted 
to the liner The water cooled piston 01*1164 xl676 two 
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stroke Diesel Engine absorbed about 22% of the total ]acket 
heat 

The water cooled piston of a 161 xl99 two stroke 
Diesel Engine received on the average about 36 °o of the total 
jacket heat This abnormally high figure is probablj due 
to — 

(1) The use of a convex piston ciown 

(2) The hbeial extent of the piston jacket which extended 

half way down the skiit 

(3) About a quartei of the total quantity of cooling water 

was passed through the pistons 



In this case the piston was piobablv exti acting heat fiom 
the liner 

In a modem two stroke engme with concave piston oiown 
and stroke boie ratio of 1 6 the cylinder jacket received about 
10% and the piston and cyhndei eovei about 6% each of the 
total heat supphed 

The percentage of jacket heat absoibed b\ the pistons of 
two stroke engines may reasonably be expected to exceed 
that of four stroke engines on account of the exhaust taking 
place at the bottom of the cylinder with great velocity 



170 


DIESEL ENGINE DESIGN 


Comparing these figures and confining attention to the heat 
actually passing thiough the piston crown it would appeal 
that in four stroke engmes the piston heat is rather less than 
the cover plate heat and that in two stioke engmes those 
quantities are about equal assummg concave piston crowns 
m both cases 

Cylinder Liners — ^In foui stroke engmes with stioke boie 
ratios of about 1 o with uncooled pistons about 6o% of the 



ol ! I I I 1 I 
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Stroke Bose Rene 

Fig 124 


jacket heat is found in the cyhndei jacket Deducting 16% 
for the piston this leaves 49% for the Imer heat propei The 
thermal data given by Chaloner {Motor shtp July 1920) in 
connection with a four stroke cylmder 20 85 x20 85 enable 
the jacket loss to be estimated The temperature gradients 
are shown m Eig 123 from which it appears that the mean 
temperature gradient is about 32° F per inch and the mean 
flux IS therefore — 

32 xl2 x26=10 000 B T U per ft a/hr 
Smce the conductivity of cast iron is about 26 in ft deg F 
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houi units The totc<,l area of the linei is about 19 2 ft ® so 
the total heat flow 1 =! — 

10 000 X 19 2 =192 000 B T U per hour 

The po^ er of the cylinder is 28o B H P and reckoning on a 
fuel consumption of 0 42 lb per B H P hr the total heat 
supphed works out at — 

0 42x18 000x285=2 150 000 B T U /hi 



The linei heat is therefore 8 9% of the total heat supphed or 
about 3o% of the total jacket heat 

Heat Flow Diagrams — On the basis of the foregomg figures 
and the consideration of limiting cases Eigs 124 and 125 
have been drawn up for four and two stroke engines respec 
tively In each diagram the percentage of heat passing to the 
hner piston etc is plotted on a base of stroke bore ratio 
A few notes of explanation are desirable 

(1) In each case the total jacket heat is assumed to be 26% 
of the total heat supphed 
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(2) The exhaust port loss is legarded as being independent 

of the stroke bore ratio 

(3) The hner loss approaches zero as the stioke boie latio 

approaches zero 

(4) The cover plate loss and the piston loss aie assumed to ap 

pi oach equahty as the stroke boi e ratio approaches zero 

(o) The covei plate loss and the piston loss tend to 0 as the 
stioke bore latio tends to oc 

(6) Foi finite values of the stroke bore latio the tiends of 
the cuives have been guided by the data given abo\e 
combined with a fairing up process 

No gieat accuracy can be claimed for these diagrams but 
they have been checl ed fiom time to time agamst published 
data relating mainly to marme engines and the order of 
accuracy for individual items is probably round about ±20 % 

The Heat Flux through the Walls — ^The foregoing data 
enable the heat flux through the walls of the liner cover plate 
and pisto i to be calculated approximately in any given case 
The mean flux through the hner is found by dividing the hner 
heat in B T U pei hour by the area of the water cooled surface 
in sq ft In the cjhnder foi which Eig 123 has been drawn 
the cooled length of the hner is equal to the stroke plus about 
80°o of the boie and the maximum flux is 2 o times the mean 
In other cases the proportion of cooled length maj be difierent 
but this IS hardlj hkel\ to have any appreciable effect on the 
maximum flux Accordingly we shall assume that in all cases 
the maximum flux is 2 o times the mean flux when the latter 
IS calculated on an area equal to the product of the cyhnder 
circumference x the stroke plus 0 8 times the boie 

Let I =Indicated powei pei sq ft of piston aiea 
B =Bore in feet 
S =Stioke in feet 

Consumption of fuel (18 000 B T U pei lb) =0 3 lb per 
I HP hr 


I =Fraction of total heat supphed which passes through 
the hner (see Figs 124 and 125) 

F =AIaximum flux m 1000 B T U /ft * hr 
Then — 


l7rB\,0 3x18 000^^ 
^ 4“ ^ 1000 


3 4IZ 


(1+0 o) 


9rB(S +0 8 B) 


( 1 ) 
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The heat leceived by the cylinder cover plate cannot be quite 
equally distributed but must be some-nhat moie intense at 
the centie theimocouple readings given by Chaloi ei sheved 
a difference of only about 4% between the flux at the centre 
of the covei and that at a point situated at a distance of about 
three quarters of the cvhnder radius from the centre Also 
some of the heat received by the underside of the plate is 
conducted away radially beyond the cyhndei ladius before 
reaching the water jacket The heat received by the plate 
divided by the area of the latter must theiefore be an over 
estimate of the mean flux though it is probably a good approxi 
mation to the maximum flux Similar considerations apply 
to the piston V\ e therefore estimate the maximum flux to 
the covei plate and to the piston respectively by dividing the 
heat received m each case by the piston area 

Let c =Fraction of total heat supplied which passes through 
the cover plate 

p =Fraction of total heat supplied which passes through 
the piston crown 

(See Figs 124 and 12o ) 

Then — 

-r .,0 3x18 000 , , , ,,,, 

^ ^ iOOO p) =o 4 I c (or p) (2) 

The values of c (or pi decrease as the stroke boie ratio mci eases 


Examples — 



I 

s 

B 

3 4 

1 

p 




o 

8 

B 

1-^ 


4 Stroke Submarine Engine 

170 

1 0 

1 88 

085 

05o 

065 

2 

ol 

60 

4 

Marme 

76 

1 5 

1 48 

llo 

040 

050 

13 

16 

20 

4 

Ma me 

85 

2 0 

1 ^1 

13 

030 I 

040 1 !'=> 

12 

IS 

2 

Naval 

240 

1 2 

1 /O 

085 

060 

060 

So 

8 

/8 

2 

Marine 

140 

1 6 

1 48 

100 

OOD I 

0o5 

21 

41 

41 

2 

Stationary 

160 

2 0 

1 21 

120 

045 

04o 

23 

39 

39 


These figures give an approximate guide to the values of 
the heat flux to be reckoned with in typical cases 

Local Temperature Stresses — A knowledge of the heat flux 
enables the local temperature difference and consequently the 
local temperature stress to be estimated 
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Let t =Thickness of wall in inches 
(Ti — T ) =Tem.peiatuie diop through the wall n deg P 

k =Conductivitj of cast iron m ft L i U hr units 
=about 25 

E=Modulus of elasticity of cast iron=about 12x10® 
lb /in 

A=Coefficieut of expansion of cast iron =6 xlO ® 

Then the maximum local difference of temperature from the 
mean=^ (Ti— Tg) 


1000 F ,, t 
2k ^12 


oOOFt 
25 Xl2 


= 1 67 Ft 


And the temperature stress ft is given by — 

ft=J(Ti— T 2 )E A=1 67 Ftxl08xl2xl0 ®x6=120Ft (3) 

The important point is that for a given value of the heat 
flux F the temperature stress is piopoitional to the wall 
thickness Consider for mstance the two strol e Naval engine 
referred to m the above table Foi the cover and piston 
F=78 and the local temperature stress =120 x78=9 360 lb / 
in per moh of thickness It is evident therefore that with 
ordinary materials the available range of safe thicknesses is 
hmited whatever the bore of the cyhnder may be The 
problem of the large highly rated cylinder is therefore reduced 
to flndmg methods of construction whereby comparatively 
thin walls may be used with safety The question as to what 
temperature stre&s can be considered safe is naturally an 
important one and a very difficult one to decide Most heat 
failures of covers and pistons are traceable to extensive 
temperature differences givmg nse to stresses which are very 
difficult to estimate Cyhnder liners and plain nbless covers 
and pistons afford better criteria and calculations of known 
designs on the hnes mdicated above indicate that the safe 
limit of temperature stress hes somewhere between 10 000 and 
15 000 lb per sq mch The ultimate tensile strength of good 
cyhnder iron is about 30 000 lb per sq mch and a safe hmit 
of half this value viz lo 000 lb /m ^ may be suggested 

The whole busmess is greatly compheated by the pecuhar 
behaviour of cast iron at high temperatures According to the 
theory outlined above the hot side of the wall should be in a 
state of compression and the cold side m tension Actually 
cracking when it occurs almost always takes place on the hot 
side leaving when cold a gaping fissure which tends to close 
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up duimg runnmg of the engine Fiom this fact it appeals 
that the tempeiatuie stresses are annealed out during pro 
longed running by rearrangement of the particles and thit 
Clacking tal es place on cooling by the reappeaiance of the 
temperature stresses with reversed sign Nevertheless it is 
to be expected (apart from the phenomenon of growth ) 
that the stresses induced during cooling will be proportional 
if not actuallv equal to those mduced by the mitial heatmg 
before anneahng has taken place 

Local Temperature Stresses in Pistons and Covers — ^It 
is interesting to see what results are yielded by formula (3) in 
lepresentative cases 

(1) Four stroke engine 12 xl8 I=7o t=l| for cover 

ft =120 x20 xl 125=2700 lb /in 

Local temperature stress obviously negligible 

(2) Four stroke engine 30 x45 1=85 t=2 foi cover 

ft =120 x20 x|| X 2 =5600 lb /in ^ 

75 

(3) Two stroke engine 30 x45 1=140 t=li foi cover 

ft =120 x41 xl 5=7400 lb /in ^ 

(4) Two stroke engme 20 x24 1=240 t =0 876 for cover 

ft = 120 x78 XO 875=8160 lb /m ^ 

(5) Four stroke engme 30 x4o 1=85 t = l| for piston 

ft =120 xl6 x|| xl 75=3800 lb /m 
75 

(6) Two stroke engine 30 x46 1=140 t = lj for piston 

ft =120 x41 xl 75=8600 lb /m ^ 

In the above all pressure stresses and extensive temperature 
stresses are left out of consideration These figures shew that 
if undue thicknesses of metal are avoided the local temperature 
stresses can be kept below a moderate hunt 

Local Temperature Stresses m the Liner — ^In the case of 
the hner the additional stress due to pressure is easily allowed 
for Assuming a maximum workmg pressure of oOO lb /m ® 
the pressure stress fp is given by — 

fp=260 B/t (4) 

Where B =cylinder bore and t =hner thickness in inches 
The combmed pressure and temperature stress fp is the sum of 
fp as given above and f as given by (3) For example in a 
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foui btiol e engine of 24 boie x36 stroke with 1=70 we have 
(since F =13 see table p 173) — 

f =(2o0x24/t)+(120 Xl3 Xt) 

=6000/t+1560t (o) 

Values of fp ft and f^ are plotted on a basis of t in Fig 126 
and f has a roinimum value of 6100 lb /in ® when t=2 and 



Liner, THtricwess 
Fig 126 


this value occur b when ft=fp A similai diagram is shewn 
in Fig 127 for a two stroke engine 17 5 bore 26 stroke 
with 1 = 140 developing the same IHP as the four stroke 
engme In this case the minimum value of fo is higher viz 
6600 lb /m 2 and the optimum thickness is about If 

Both these values of the thickness are in good agreement 
with average practice with reference to the thickness under 
the top flange of the hner 
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The following featuie«i of these diagiams may be noticed 

(a) Theie is a certain thickness of the linei for which the 

combined stress is a minimum 

(b) The immmum stress is shghtly higher for the tw o sti oLe 

cyhnder than for the four stroke c^ Imdei of the same 
I H P at the specified ratmg 



(c) The minimum stress increases as the cjhnder size is 

mcreased 

(d) Considerable variations from the most favourable Imer 

thickness are possible with small influence on the 
combmed stress 

The last consideration is interestmg in view of the thickening 
of the hner at the flange end which occurs in most designs An 
increase of about 30% increases the stress <fcCcording to the 
diagram by about 4 or 6 % If as m some designs the thickness 
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at the flanged end is about double the noimal thickness the 
increase of stress may be veiy considerable in highly rated 
engmes This point is illustrated by Eig 128 which has been 
drawn up for a 30 x45 two stroke engine rated at 1=166 
In this case — 

fc=(2o0 x30/t)+(120 x2o 5 t) 

=7o00/t+3050 t (6) 

The minimum combined stress is 9600 lb /ii ® with a thick 
ness of about Ij^y The more usual thickness of about 2J 
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increases the stress to about 10 500 lb /in and a 4^ flange 
would involve a stress of over 15 000 lb /in ^ This suggests 
the advisabihty of avoiding such heavv flanges in large 
cylinders subject to a high flux and experience confiims this 
view 

Extensive Temperature Stresses — Extensive temperature 
differences giving rise to high stress arise when the liner and 
jacket are cast in one piece The jacket portion remains 
nearly stone cold whilst the liner acquires a certain mean 
temperature which under a constant load slowly rises with 
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time on account of deposits of scale until sirh tii r a the 
lattei be lenio'^ed o tli\t i coi tiuct on \ nicl ni ^ be safe 
when new tends to become unsafe in sciiicc unless depo its 
are prevented ^unieious failmes of gas engine c^lindeis 
with integral jackets and liners have deterred most Diesel 
Engine builders from using this construction except in the 
very smallest sizes 

The traditional type of circular cj^linder cove is liable to 
tempeiature stresses aiising from the iigid conrection of the 
hot bottom plate to the cool suriounding vails -^nYthing 
which tends to increase the mean tempeiatuie of the bottom 
plate tends to mciease the tempeiature stiess Eailuies are 
therefore most fiequent with highly lated engine usiig hard 
water Tendency to failure is mimmised bj — 

(1) Conservative rating 

(2) Use of soft water 

(3) Introducing the watei at high velocity at the centie of 

the cover 

(4) Using a low outlet temperatuie 

In this respect marine engines are at an adva tage in 
workmg for the greater part of the time under conditiors 
which admit of effective coohng wuth a hberal supply of clean 
water 

With two stroke engmes at noimal ratii gs these extieme 
temperature differences are greatly accentuated and special 
constructions adimtting of greater fieedom for expansion 
become necessary Some of these have aheady been referred 
to in Chapter VIII together with some constiuctions adopted 
in the larger sizes of four stroke engmes 

Uncooled Pistons — ith water or oil cooled pistons the 
temperature of the crown is probably fairly uniform over the 
greater part of the area with a gi adual fa lling off at the edge 
and down the sides With uncooled pistons on the other 
hand theie is a steep temperatuie gradient towards the edge 
of the crown due to the conduction of the heat to the hnei 
The simplest ideal case foi calculation pui poses is that of a 
flat crown of diameter B (feet) and small thickness d (feet) 
subject to a umform flux E (1000 B T U /f t hr ) If r is 
any radius less than B/2 the flow received inside this radius is 

ttt^E X 1000 B T U per hour 

and this must be equal to the temperature giadient — dT/dr x 
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conductivity 
therefore — 

dT 


. and the sectional aiea 2 TTid we have 
-ot^F X 1000 — iF X 1000 


dr 

T=Tc 


27rrdk 
r^F xlOOO 


2dk 


and Tc — Te = 


4dk 
B^F XlOOO 


( 7 ) 


16dk 

where Tc =Temperatuie at the centre 
and Te= edge 

Converting to inch units (7) becomes — 

Tc -Te ® 

16xl2dx25 ' ^ 

Under the simple conditions postulated the stress due to the 
uneven distribution of temperature must be proportional to 
(Tc — Te) and temperature measurements made m cases 
where experience mdicates that crackmg is not to be anticipated 
indicate that a safe value of Tc — Te is about 400 F 
Substituting this value m (8) we obtain the relation — 

, 0 208 B^F B^F 

d = (9) 


400 


1920 


The thicknesses of eiown which result from this relation for 
two values of F viz 16 (four stroke engme rated at 1=75) 
and 41 (two stroke engme rated at 1=140) are tabulated 
under — 

Bore m ins 5 10 15 20 25 

d(F=16) 21 84 1 87 3 35 5 20 

d(F=41) 53 2 lo 4 80 8 50 13 40 

The small thickness (0 21 ) required by the 5 piston is 
characteristic of motor car practice and the other figures shew 
the hopelessness of trymg to emulate the slendei proportions 
of petrol engme practice m the design of medium and large 
size uncooled pistons for mternal combustion engines The 
pomt to which attention is here drawn has sometimes been 
overlooked by critics of oil engine and gas engme designs 

The table also shews the limitations of tmcooled pistons 
subject to the assumed values of the fiux It is clear for 
example that at the higher ratmg (F=41) uncooled pistons 
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of cast iron are impracticable for cylinders above about 12"' 
diameter or so 

Assurmng that the temperature difEerence is confined to 
some limit such as that suggested the safety agamst cracking 
will depend on the form of the crown whether concave or 
convex the degree of curvature the connection to the skirt 
etc and the physical and chemical properties of the material 
in relation to high temperatures If the temperature difierence 
IS constant in different sizes the maximum temperature will 
be greatest (other things bemg equal) m the largest size on 
account of the mcreased length of the paths of heat flow from 
the edge of the crown to the jacket It can haidly be doubted 
that too high a maximum temperature tends towards cracking 
on account of the material becormng locally plastic when hot 
and developmg high tensile stress when cooled 

The considerations advanced in this section do not enable 
the temperature stresses to be calculated but they throw some 
light on necessary limitations and afford a basis of comparison 
on which proposed designs may be compared with known 
successful ones of similar form but of different size and 
differently rated 

Literature — Burstall F W Experiments on a Premier 
Gas Engme — Proc Inst Mech E 190b 

Callendar H L British \ssociation Report 1910 on 

Radiation from Gases 

Chaloner J L The Design of Marine Oil Engmes — 
Motor sTivp July 1920 

Clerk Sir D loc cit p 35 Also B A Reports on Gaseous 
Explosions 1912 et seq 

David W T The Pressures Developed m Gaseous Explo 
sions — Engineering December 29th 1922 Also Some 
Properties of the Working Fluid of Gas Engmes — Engineering 
March 10th 1922 

Gibson A H and Walker W J The Distribution of 
Heat m a Gas Engme Cyhnder — Proc Inst Mech E 1915 

Hopkmson B Collected Papers — Camb Umv Press 
Also B A Reports on Gaseous Explosions 1912 et seq 

Purday H F P Artacles in Motor ship June and October 
1920 and May and October 1921 Also paper Marme 
Diesel Engmes — Diesel Engme Users Assoc Jime 1922 
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Truiil Pistons — ^Tiiese are so well Ino'vin in connection 
Tiitli petiol motoib gas enginet. and the like that a geneial 
desciiption IS unneces ary and we mai at once pioceed to the 
consideiation of then specixl leqmiements m Diesel Engine 
constiuction The difficulties involved in combining the 
piston pioper with the ciossshead aiise chiefly from the heat 
which leacheb the gudgeon pin bearing by conduction and 
radiation and the high pressures dealt with in Diesel Engines 
(as compaied with gas engines) necessitate a high specific 
pie suie at this beaimg owmg to the hmited space available 
The most seiious troubleb to be anticipated aie piston seizures 
which hke all other heat tioubles aie moie pionounced in 
large than in small engines Foi these leasons uncooled trunk 
pistons are seldom used foi o\lmdeis exceeding, about 22 in in 
diameter Eoi maiine engines the inaccesbibihty of the 
gudgeon pin beaimg is often consideied to be a serious 
objection foi all but the vei\ smallest cjhndeis It is possible 
that piejudice has a little to do witn this view and it is 
mterestmg to note that Diesel Maime Engines of fairlj large 
size (1000 H P foi example) appaiently give good seivice 
with trunk piatons It is evident that a really efficient system 
of oil or water coohng is essential in large sizes in order to 
conduct away the heat leceived by the ciown without the latter 
attaining too high a temper atuie and cracking in consequence 
Oil coolmg affords the simplest olution as the oil is readily 
supphed from the forced lubrication system and leakage does 
no harm 

Water coohng by means of telescopic pipes is also used in 
these eases the water is squuted mto the piston jacket in the 
form of a jet and concentric guard tubes are arranged to 
catch the spray and the outlet water 

Material — ^The use of cast iron for pistons is almost umversal 
on account of its good weanng properties and its cheapness 
Owmg to the low guide pressure the quahty of the metal is 
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piobably of m i n or importance so far as weai is concerned as 
tbe latter is in any case hardly measurable On the other hand 
so fai as that portion of the piston is concerned -which is in 
contact -with the Tvoiking fluid (-^^z the piston cio-wn) the 
quahty of the metal is of great jmpoitance in deteimming the 
habihty or other-wise of the cro-wn to crack under the influence 
of heat According to Mr P H Smith the iions -which give 
the best lesults are those of the coaisest possible grain 

Expeiience in other directions seems to indicate that a large 
carbon content and lo-w percentage of phosphorus aie favoui 
able 

At the first glance it might appeal stiange in -vie^\ of the 
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fact that heating produces compression at the point of maxi 
mum temperature that the cracks start at the centie of the 
oro-wn on the side in contact -with the gases but the facts are 
easily explamed by some such hypothesis as the following — 
The local heatmg causes local compressive stress of high 
intensit-y which in course of time causes the particles to le 
ai range themselves in such a manner that this “stress is i educed 
On coolmg the contraction of the surrounding metal induces 
tensile stresses in the centre equal m amount to the extent by 
which the origmal compressive stress has been reduced Con 
siderable support is afforded to this theory by the fact that the 
cracks develop in the course of time mto fissures she-wing that 
the material has contracted circumferentially Also the plastic 
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deformation of cast iron at a red heat is often observed in such 
famihar articles as [kitchen ranges and the like in which no 
special provision is made for expansion or growth 

Shape of Piston Crown — ^Fig 129 shews some alternative 
shapes 

Of these types C is the best for combustion though types 
A and B are little mferior in this respect With existing 
methods of fuel mjection type E is quite madnussible on the 
score of combustion unless the cylinder cover is concave down 
wards and even then its efficiency is very doubtful On the 
other hand type E with the shape of combustion space indi 
cated appears to give good results due doubtless to the manner 
in vhich the charge of air is concentrated A little reflection 
shews that the curved shape of type B gives rise to greater 
compressive stress at the centre on the combustion side than 
type A on account of the bending action which arises when a 
state of temperature stress comes into existence Type D is 
verv hable to failure unless a spreading flame plate is used 
From this it v ould appear that of aU the types illustrated B 
and D are the most hable to failure In practice t 3 rpes B and 
C are the most usual and their mherent weakness in the larger 
sizes (small pistons rarely crack) is guarded against by 

(1) Careful selection of material 

(2) Providmg a considerable thickness of metal 

(3) Oil or vatei coohng 

(4) Providing loose crowns or central cores 

The provi ion of a great thickness of metal assists matters 
in two ways — I 
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(a) Bj reducing the bending 

stresses due to both tern 
perature (probably the 
most vital) and pressure 

(b) By giving additional area 

for heat flow to the walls 
of the liner 

Fig 130 IS an attempt to give a 
diagrammatic representation of the 
heat flow by increasmg the inten 
sity of shading towards the parts 
having the higher temperatures 
The usual form of water cooled 
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Fig 131 
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trunk pistons is skewn m Fig 131 and the means adopted 
to convey the water to and from the water space wiU be 
discussed later In the earher types the space was mtended 
to be full of water but in more recent designs the tendency is 
to rely on a small flow of water part of which is evaporated 



and absorbs a relatively 
large quantity of heat 
in latent form 

Fig 132 shews a loose 
piston top secured by 
four studs the holes for 
which have sufficient 
clearance to allow for 



Fig 132 


the expansion of the j-io 133 

former Fracture of 


such a loose top due to temperature effects is improbable 
and if it occurs the cost of renewal is trivial 


Fig 133 shews a similar design patented bj "Mi P H 
Smith and applied by him to pistons in which cracks had 
already appeared 

Proportions of Trunk Piston 
Bodies — ^The usual proportions 

found in practice are discussed 'jj s 

below with reference to Fig 134 i 

which is purely diagrammatic ^ ^ ^ 

The thickness (C) of the crowm ^ 

(wuth unoooled pistons) increases ^ W ^ 

rapidly as the bore is increased ^ ■ — ^ 

for reasons which have been noticed ^ 

above and the following figures are — i 

a guide to good practice — j ___4 [_t 

Bore of oylmdei Thickness C y i 1 I k i 

! 

12 If I 

14 2i I Y I 

16 3 I I 

18 4 J Clearance J 

20 5 ? 1 ^ 


The distance from the top of the 
piston to the first rmg may con 
vemently be made equal to C With 


Fig 134. 
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Fig 135 


the above values of C this prevents the first ring being placed 
in too high a position where its proximity to the souice of heat 
vould cause it to become stuck with carbonised lubiicating 
oil in a shoit time The rings themselves may be of squaie 
section vith R =0 02 o to 0 033 B The gap between the ends 
of the ring when free may be about 2 60 times R ^ The 
number of iings fitted vanes from about five m small to eight 
m large 03 Imdeis and the space between consecutive lings is 
not as a rule less than R The construction of piston rings 

IS rapidly becoming a specialised 
branch of industry and details will 
not be given here A method of 
desigmng and manufactuimg piston 
rmgs IS described by Guldnei in 
considerable detail ( Design and 
Constiuction of Internal Combustion Engme®! ) It is 
important to prevent the jointa of the rings v 01 king mto 
Ime during service and a method of fixing them is shewn m 
Eig 13o 

Dimension 4 vanes greatly in diffeient cases The 
maximum value found in practice viz A =2 B gives a piston 
of ideal lunmng pioperties but is seldom fitted nowadays 
owing to consideiations of first cost A = 14Btol6L lepie 
sents good average practice Still smaller values of A aie 
sometimeo used but aie not to be recommended Ihe pio 
vision of a long piston skut is advantageous fiom the following 
pomts of view — 

( 1 ) Rendermg possible a low and therefore comparatively 

cool location for the gudgeon pm bearing 

( 2 ) It minimises piston knocks 

(3) It facihtates the flow of heat away from the crown by 

providmg a large surface m contact with the cylmder 
walls 


The upper part of the piston body is turned taper to allow 
for expansion and the approximate allowances to be made on 
the diameter are given m Fig 136 in which the taper is greatly 
exag g erated The diametera of the piston rmg grooves are 
figured by allowing all the grooves to have the same depth 
below the tapered surface The clearance behmd the grooves 


^ R denotes the thickness of the nng measured radially The bars K between 
the rmgs may be equal to or slightly greater than R 




RUNNING GEAR 


187 


should be a piacticable minimum The gudgeon pin is usually 
located eithei at the centie or «>hghtlv above the centre of the 
parallel part of the body and allowance I'a made for possible 
local distoition due to living in the gudgeon pm or to ex 
pansion of the latter by leheving the piston surface to the 




extent of about 20 thousandths of an inch in the manner 
indicated in Fig lo7 

Approximate figmes foi other mam proportions are given 
below — 


C (see Table above) 
D=0 07B 
E =0 033 B 


F=2 G 
G=0 4 B 
H=0 oB 


Gudgeon Pins — ^Alternative forms of gudgeon pms are 
shewn m Fig 138 type A being most generally used The pin 
tself is of special steel case hardened and ground if vorlong 
m a bionze beaimg If the bearmg is white metalled the case 
haidenmg is unnecessary The pm is a drivmg fit m the body 
and IS secured in the manner mdicated m the illustrations 
Lubrication of the pm may be effected m various ways — 

(1) Forced lubrication by means of a pipe or drilled hole 

leading from the big end of the rod 

(2) By means of a groove or pocket on the surface of the 

piston co mm unicating with the surface of the gudgeon 
pm and fed by means of a fittmg similar to that shewn 
in Fig 105 (see Fig 139)? 
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Assuming the proportions given in the previous article the 
maximum bearmg pressure works out to about — 


0 785 x_o00 2000 lb per sq in 

0 4x05 
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Miscellaneous Points of Detail — Iieie foiced lubrication 
IS employed, it is impoitaiit to prevent oil fiom splashing on 
to the hot piston crown and some arrangement of baffles 
IS very desirable This may take the form of a plate or 
diaphragm across the piston body A piston ring at the lower 
end of the piston is useful in removing superfluous oil from 
the Imer and in effecting a good distribution of the film 

It IS generally necessary to cast two shallow recesses in the 



Fig 139 




piston crown to clear the air and exhaust valve heads at the 
top dead centre and the positions of these being remote from 
the pomt of greatest temperature are usually chosen for two 
tapped holes to receive hfbmg bolts Holes should not be 
drilled m the centre of the crown and if a turmng centre is 
necessary a special boss should be cast for this purpose and 
turned off afterwards (see Eig 140) 

So far nothing has been said about pressure stresses and the 
bearmg pressure on the piston body considered as a orosshead 
as these appear to be irrelevant Temperature considerations 
determine the proportions of the piston body and the gudgeon 
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beaiing ib made as laige is the limited space allots The 
guide piebsuie between the piston body ind the hnei woils 
out at a vei;y model ate figure and measuiements of pistons 
aftei long peiiods of service fail to disclose any appieciable 
wear and justify the conclusion that under normal lumung 
conditions the piston body floats on a film of oil In cases of 
seizure the cause of abrasion is usually traced to local distor 




tion sometimes assisted by the destruction of the oil film by 
the presence of viscous deposits 

Water Cooling — ^Two systems of conveymg the water to 
and from the piston are shew-n in Fig 141 In both systems 
the aim is to render the success of the scheme independent of 
the water tightness of the various joints mvolved In type B 
maecuracies of ahgnment aie allowed for by a ball jomt at the 
foot of the stationary tube 

Pistons for Four Stroke Grosshead Engines — ^These are 
generally made of not much greater length than is necessary 
to accommodate the nngs eight to ten in number The pio 
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VI loii of an extia numbei of line's above vliat is considered 
sufficient foi a tiunl piston may be attiibuted to — 

(1) The thiottling effect lost by discaiding the piston skiit 

(2) The lowei speed of revolution usually associated with 

engines of the ciosshead type 

Cooling by means of a blast of air has been used (apparently 
successfully) m cylinders of medium size but water cooling is 
now almost universal Fig 142 exhibits different forms of 
piston having one featuie in common viz a seif supporting 
crown There seems to be no doubt that internal nbs as 



Fig 14‘> 


used in the past are conducive to cracking both of cooled and 
uncooled pistons Thej are theiefoie omitted m most 
modem designs 

Two systems of admitting the water to and leading it 
away from the piston aie shewn in Fig 143 which is prac 
tically self explanatory In each case there is a tray or dia 
phragm separating the crank case from the c j hnder so that 
any small leakage cannot reach the former 

Pistons for Two Stroke Crosshead Engines — The existence 
of poits in communication with the exhaust pipe at the lower 
end of a two stroke cyhnder necessitates the provision of a 
skirt oi extension of the piston to prevent the uncovermg of 
these ports when the piston is at the top dead centre The 
sknt usually takes the form of a hght drum secured to the 
piston by a number of well locked studs It is co mm on 
practice to arrange one or two mwaidly expanding rings at 
the lower end of the cyhnder to prevent leakage past the skirt 
(see Fig 144) 
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If the cyhndei Ixnei ib of sufficient length these exhaust imgs 
may be located in the skirt itself as m Eig 145 Such an 
arrangement involves a higher engme than that of Eig 144 
but facilitates conduction of heat from the piston and mci 
dentally secures a lower mean temperatuie for the cylinder 
liner The construction of the piston proper is generally 
similar to that of a four cycle engme but it must be borne in 
mind that the conditions as to temperature are more severe 
than in a four stroke engme of the same size working at the 
same mean indicated pressure so that the remarks of the 
preceding article m reference to ribs under the crown apply 
with still greater force to two stroke engines 
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Some of the leceiit t'^o stioLe en^iie of v no a maLeits 
have been fitted vith pistons in which tne c o\^ii is fiee fiom 
libs and the skiit is extended to do dnt\ £oi tne piston lod 
as shewn moie or less diagrammatically in Fi^ 14G 



Piston Rods The forces to vhich piston loa i suDject 
are — 

(1) The pressuie load of the piston vhich attains ma^i 

mum of about 500 lb per sq in of piston aiea vith 
an occasional explosive load of a) out double this 
intensity at the top dead centie 

(2) A load due to the inertia of the piston (including the 

water therein) and the rod itselt Thi:. also attiins 
its maximum at the top dead centie but is oppo ite 
in direction to the pressure load The maximum 
intensity of the inertia load seldom exceeds 70 lb 
per sq in of piston area m commercial engines 

(3) Friction of the piston rings on the liner This effect has 

its max im um at the top firing centre and. acts in the 


o 
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same direction as the inertia so far as the expansion 
stroke is concerned It has been proved that piston 
rmg friction absorbs about 5 % of the indicated power 
and assummg (as seems piobable) that the fiiction is 
at every pomt propoitional to the cylinder pressure 
it appears that the maximum friction is equivalent to 
about 10 lb per sq m of piston area 
(4) Elmd friction due to shearing of the lubiicatmg oil film 

The ]omt effect of these forces amounts then to about 420 lb 
compression at firmg dead centre and about 70 lb tensile at 
the end of the exhaust stroke per sq in of piston area 

Unfoitunately the fatigue stress of steel between hmits of 
this sort appears not to have been determmed yet but the 
value IS probably in the neighbourhood of 36 000 lb per sq in 
for 30 ton steel A table of bucklmg loads for circular mild 
steel rods with rounded ends is given below from which it will 
be seen that the question of buckling appears to be irrelevant 
m view of the fact that the ratio of length to diameter of rod 
does not usually exceed 16 and is usually less In this case 
and m cases of connectmg rods also the use of a strut formula 
such as Euler s m conjimction with a large factor of safety 
would appear to be irrational (see page 206) 


JL — D =Iieiigtli— Diameter 
Buckling stress lb /sq m 
Zi — D =Lengtli-- Diameter 
Buckling st ess lb /sq m 


5 10 15 20 30 

63 000 56 000 46 000 33 000 21 000 

40 60 80 100 

13 000 9 000 4 000 2 500 


In current practice the diameter of the piston rod is made 
from 0 23 to 0 3 of the cylinder bore coriespondmg to a 
maximum compressive stress imder normal working conditions 


of about (0 23 ) 2 ^^^^^ ^ (0 30)^ '^'^^^^ ^ 

The higher of these figures corresponds to a factor of safety 
imder fatigue conditions of about 36 000 — 8000 =4 36 which 
appears ample The stress imder an explosion of 1000 lb per 


sq 


m would be 


1000 
(0 23)2 


=19 000 lb /sq m 


and the factor of 


safety against bucklmg (assummg 


L 

D 


=15) = 


46 000 
19 000 


=2 36 


which would appear to be suf&eient m view of the provision of 
a relief valve Nevertheless the lower stresses are generally 
preferred particularly m marme practice 
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The upper end of the rod usually ends in a circulai flange foi 
cairying the piston to ’which it is secuied by a rou of studs 
pioportioned to the ineitia load of the piston with a vet's 
moderate stress allowance in oider to give a good maigin foi 
dealing with such emergencies as seized 
pistons The lower end is sometimes 
secured to the crosshead by means of a 
flange as m Fig 147 oi in the manner 
indicated m Fig 148 In eithei case 
it IS reasonable to make the connection 
of the same strength as that between 
the rod and the piston assuming that 
ample pro’vision has been made foi the 
contingencies referred to 

Crossheads and Guides — For 
marine engines the shpper guide 
she-wn m Fig 149 is the favourite 
The bearing surface is usually made 
equal to the piston area ^ and the 
maximum bearmg pressure with a con 
necting rod 4 6 crankt> long then has 
a value of about oo lb per sq in 
The shpper itself is of cast steel white 
metalled on ahead and astern faces 
The studs securmg the shpper to the 
gudgeon block must be adequate to 
carry the maximum guide pressure 
when rumimg astern The area of the 
gudgeon bearmg is based on a bearing 
pressure of about 1500 lb per sq in 
The ahead guide face is oi cast iron 
pro’vided with water coohng The 
astern bars are frequently of forged 
steel secured by fitting bolts ±he 
stress m the latter is usually very 
moderate as stiffness is the chief con 
sideration The proportions given m 
Fig 149 are of course approximate 
only and subject to modification to 
smt different conditions 

The type of gmde block indicated on Fig 140 is well known 

^ i. e the sectional area of the cylinder 
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in connection with iJiddle bteainei';, ind locomotives <<,ncl 
needs no fuithei description heie Eoi lind engines double 
semicircular guides aie sometimes used paiticularlv whei the 
cyhnder ar d frame are cast m one piece In general the cioss 
heads and gmdes used in Die&el Engine construction diffei but 


Width of erosshead face 0 7o B 
Depth 1 13 B 

Thickness plate 0 10 B 



Fig 149 


httle from tho e commonlj fitted to steam engines and large 
gas engines the most important point of difference bemg the 


p 



Fig 160 


gudgeon pm and its bearmg which require to 
be hberally dimensioned to withstand the high 
maximum pressures to which they are subject 
It IS also desirable to provide means to prevent 
carbonised oil fiom the cyhnder from reaching 
the gmde surface 

Guide Pressure Diagrams — A. diagram 
shewmg approximately the guide pressure at 
any crank angle is very simply obtained from 
the twistmg moment curve in the manner 
described below with reference to Fig 150 

P =Piston load m lb 
R =Gmde reaction m lb 
T =Twistmg moment in in lb 
S =Height of gudgeon pm centre above the 
centre of the crank shaft 
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xr T> 

Now R = -^ 

But T =P 1 

Therefore R — ? 

& 

The rule is therefore Divide the turning moment at any 
instant by the distance fiom the gudgeon pm centre to the 
crank shaft centre and the result is the guide reaction at the 
same mstant It would appear that the guide reaction and the 
twisting moment should change sign simultaneously This is 
not quite the case for the following reason — 

The twisting moment curve contams an mertia element m 
which an approximation is obtamed by dividmg the mass of 
the connecting rod in a certain proportion between the revolv 
ing and reciprocating parts This approximatioi though good 
so far as vertical forces are concerned gives verv maccuiate 
values for horizontal forces A1 o the centrifugal effect of the 
revolving parts of the rod influences the gmde reaction but not 
the twisting moment These discrepancies aie of very small 
importance with the piston speeds at present obtammg For 
a full discussion of the influence of the connecting rod mertia 
forces on the gmde reaction the reader is referred to Dalby s 

g 

Balancing of Engines A table of values of where 1 = 

the length of the connecting rod is given below for various 

crank angles assummg a rod 4 5 cranks long 

Crank angle 0 20 40 60 80 100 120 140 160 180 

Values of j 1 22 1 21 1 16 1 09 1 02 0 94 0 87 0 82 0 79 0 78 

Connecting Rods — ^The material for connecting rods is 
generally Siemens Martin steel of the same quahty as that 
used for the crank shaft Stampings are sometimes used for 
small engines and if large quantities aie made at a time this 
IS an economical way of producing a rod of H section if 
machimng all over is not considered essential Cast steel has 
been used on the Contment for gas engme connectmg rods 
but the author has not met with this pi active m Diesel Engme 
construction either British oi continental 

Connecting Rod Bodies — ^The section of the body or shaft 
of the rod is generally circular oi part circular with flattened 
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sides The lattei sectioi ib slightly hghter for a given strength 
but involves an extra machining operation For extreme 
hghtness an H section of rod milled from the sohd (hke a 
locomotive rod) v ould appear to be advantageous The body 
usually tapeis gently fiom the big to the small end and it wiU 
be shewn later that this piactice is a rational one from con 
siderations of strength It is interesting to note that the 
engmeers of the North East Coast in then recent specification 
for standard lecipiocating maiine steam engines recommend 
paiallel rods and it seems possible that the extra cost of 




Fig 151 


mateiial mvolved is discoimted by the leduced cost of forging 
and machiiung 

Big Ends — ^Fig 151 shews two forms of big end type A 
being the cheapest and that most commonly used Type B is 
the strongest but suffers from the disadvantage of pioviding 
no facihty for adjustmg the compression by means of hners 

Returning to type A the brasses are usually of cast steel 
Imed with white metal ith a stronger section as shewm in 
Fig 152 cast iron may be used instead of cast steel with 
satisfactory results but the practice is uncommon The bolts 
are frequently reduced to the core diameter between fittmg 
lengths as shewn m Fig 151 but it appears that full diameter 
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bolts are stionger under the conditions to which they are 
subject in trunk piston engines In addition to tensile stresses 
the big end bolts have to resist shearing forces between the two 
brasses and also between the crown brass and the palm end of 
the rod Partial rehef of this duty is afforded bv the following 
means one or more of which are gei erally used in good 
designs — 

(1) Spigoting the two bi asses into each other as in Fig 153 

This IS very rarely done 

(2) Spigotmg the crown brass mto the palm of the rod as 

in Fig 151 Type A 

(3) Providing fitting rings half in the palm and half in the 

crown brass at the bolt holes (Fig lo4) 



Fig 152 Fig 1o3 



Fig 164 


Small Ends — Various types of small end for tiunk engme 
rods are shewn in Fig 155 

With type A the chief difficulty is to find loom foi bolts of 
adequate strength If a big end of tjTpe B Fig lol be fitted 
it becomes necessary to make provision at the small end for 
adjustmg the compression as in Fig 155 types B and D 
Type C combines strength and adjustabihty of the bearmg 
itself but makes no provision for altering the compression 
Type E contains a solid bush which must be replaced when 
worn and is therefore only smtable for small engmes and 
adequate section of metal round the bush must be provided 
to prevent the hole beconung enlarged (see approximate 
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i:)iopoition'i on Eig 16o) The biasses aie usually of 
phosphor bionze 

The foil ofl end of a marine connectmg rod is shewn in 
Tig lo6 on nlich appioximate pioportions are noted in 

terms of the cyhnder boie 
It differs from the similai 
member of a marine steam 
engine chiefly in the follow 
ing points — 

(1) The cap brass is not 
provided with a steel 
keep 

(2) The fork gap is re 
latively narrowei 
owing to the piston 
lod nu having to 
deal with inertia 
only 

(3) The brasses aie of cast 
steel instead of gun 
metal 

Points of Detail — Ihe 
lubrication of the big and 
small ends has been lefened 
to under crank shafts and 
pistons Where forced lubri 
cation IS used an oil hole is 
geneially drilled in the rod 
to conduct the oil from the 
big to the small end in the 
case of high speed engines 
External pipes aie used foi 
this purpose in large slow 
lunning engines but are 
unsuitable for high speeds 
owing to the tendency of 
the joints to woik loose 
^ hen au compieosors oil pumps or other gear are worked 
b% hnl from the connecting rod the connection to the latter 
should be made near the top end as in Fig 157 so that the 
strength of the rod to resist buokhng is not impaired 
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Strength of Connecting Rods — ^Thc foices acting on thp 
connecting rod aie — 

(a) The joint effect of 

(1) The pressuie load on the piston 

(2) The inertia of the piston and crosshead 

(3) The piston ring fiiction 

(4) The lubricated fnction of pi',ton and cios'^head 
all divided by the cosine of the angle of obliquit\ of 
the rod 

(b) The longitudinal component of the ineitia of the lod 

itself 

(c) The transvei e component of the ineitia of the lod itself 

(d) The fiiction of the top and bottom end bearings 



When consideimg the compiessive stress of tne lod on the 
expansion stroke one is on the safe side in neglectmg item (4) 
The tensile forces attain then maximum at the top dead centre 
following the exhaust stroke and the leeiproeating parts being 
then at their position of minimum speed item (4) mav prob 
ably be neglected with safety 

Item (b) IS estimated with sufficient accuracj bj the u ual 
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procedure of dividing the mass of the rod between the reoipro 
catmg and revolving parts in that ratio m which the centre of 
gravity of the rod divides its Ime of centres 

Item (c) gives nse to a bendmg moment the maximum value 
of which IS given approximately by the formula — 


f = 



RL2 


( 1 ) 


Where f =Bendmg stress 

n =Ilevolutions per minute 
R =Crank radius m mches 
L =Length of connecting rod m mches 
d =Diameter of rod in inches (mean) 



)LU* 


Fig lo 



The sign of the bending moment is such that the latter 
always tends to bend the rod outwards to the side on which 
the crank stands The variation in the magnitude of the stiess 
over the length of the rod for various positions of the ciank 
relative to the top dead centre is shewn m Fig 168 foi a lod 
five cranks long The stress vanes as sm (0 + ^) where 6 =the 
crank angle relative to top dead centre and d=the angle of 

X® 

obhquity of the rod and as Lx — - where L is the length of 

JL 

the rod and x is the distance from the small end of the section 
under consideration 

The assumptions made use of m equation (1) are that the 
rod IS of u nif orm section and as is usually assumed m books 
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on applied mechanics and machine design that the influence 
of the rod ends is small 

Item (d) may be estimated on the assumption that the co 
efficient of friction attains Monn s value of 0 lo for shghtly 
greasy metal at the top or bottom end or at both ends simul 
taneousl'^ The eflect of journal friction is to divert the Ime 
of thrust from the centie hne of the rod and the amount of 
this deviation is found by the well known graphical construe 
tion shewn in Fig 159 in which the hne of thrust is shewn 




to be tangential to two veiy small circles whose radu are 
eq^ual respectively to the radu of the crank pm and gudgeon 
pm multiphed by the coefficient of friction The deviation at 
point of the rod of the hne of thrust from the hne of 
centres will be denoted d 

The effect of this deviation is to bend the rod mto an S 
shape as shewn much exaggerated in Fig 160 This form of 
failure is one consistent with the Eulenan theory of pure 
buckhng but usually regarded as an improbable solution 



204 


DIESEL ENGINE DESIGN 


Tile author has actually seeu one instance of a Diesel Engine 
rod failing in this way and the effect was probably due to the 
causes indicated above arising in acute form To be on the 
safe side it seems advisable to consider two cases — 

(1) Coefficient of friction negligible at the gudgeon pm and 

equal to 0 15 at the crank pin 

( 2 ) Coefficient of friction negligible at the crank pin and 

equal to 0 IS at the gudgeon pin 

The weak sections aie cleaily those (cf Fig 163 KK and 
SS) wheie the big and small ends merge mto the shaft with a 




radius and mcidentally those selected by the draftsman when 
givmg dimensions foi the diameters of the rod The reason 
ableness of making the rod tapered will now be apparent as 
the bending effect is clearly greater at the large end of the rod 
on account of the crank pm bemg of greater diameter than the 
gudgeon pm In aU probabihty these considerations had 
nothmg to do with the piactice but illustrate a fact that has 
a very important bearmg on the part of machme design viz 
that a construction which appears wnrong to the eye of an 
individual gifted with a sense of form will usually on investiga 
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tion be found unsound in piinciple and vice \ei a This 
theme is one that might profitably be made the subject mattei 
of a less specialised bool than this but it mav be "woith 
mentiomng here that the conscious oi unconscious recogmtion 
of this principle plays a large part in mechamcal design and 
the most thorough apphcation of scientific principles seems 
always to result in graceful proportions 

Returning to Fig 160 it is evident that the deflection at 
any pomt of the rod should to be strictly accurate be added 
to the deviation of the hne of thrust at that point in order to 
find the bendmg moment and further this new bending 
moment involves the construction of a revised deflection cuive 
and so on This evidently calls for some form of mathematical 
treatment which with certam approximations can readily be 
apphed It will be found howevei that the deflections 
involved are small compared with the deviation of the hne of 
thrust and whatever error may be incuried can be considered 
to be covered by the factor of safety 

On these assumptions d for the weak sectionss KR and 
SS IS given by the following — 


Case (1) Fig 161 

d=0 1oP 

(2) 

Case (2) Fig 162 

1 — b 


d-0 15Rg j 

(3) 

And 


(4) 

Where P =The thrust m the rod in lb 



A =Sectional area of rod m sq in 
Z =Sectional modulus of rod in in ^ 
f =Maximum compression stress in lb per sq m 
R =Radiusx)f crank pm 
Rg = gudgeon pm 

It will be noticed that the strut formulae of Euler Gordon and 
Rankin e and others have not been utihsed above It appears, 
to the writer that these formulae are irrelevant to the case of 
Diesel Engme connectmg rods for the following reasons — 

(1) Euler s formula is based on the calculation of the load 
required to produce elastic instabihty and with short 
ro^ the stress commonly works out at a higher value 
than the ultimate strength 
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(2) The Gordon and Rankme formulae are based on expen 
mental values of the buckhng stress under static 
conditions and give no indication of the strength 
under repetitions of stresses which are generally only 
a fraction of the buckhng load 
It seems more rational therefore to calculate the maximum 
direct stresses as closely as possible and to apply to the approxi 

mately known fatigue stress of steel a 
factor of safety of 2 5 to 3 which is 
known to be satisfactory in other cases 
In view of occasional abnormal 
pressures of about 1000 lb per sq in 
it IS interesting to see what factor of 
safety a given rod has for meetmg such 
con tin gencies and the table of buck 
ling stresses given on page 194 may be 
used for this purpose 

Example of Stress Calculation for 
Connecting Rod — 

Eottr Strorb Cycle 
Bore of oylmder 24 in 

Stroke 30 in 

Bevolutions pei minute 200 
Weight of piston (trunk) 2200 lb 
connecting j:od 

complete 2600 lb 

Mam dimensions of rod asinEig 163 
under — 

(1) Calculation of stress due to thrust 
Fig 163 30 after firmg centre 

Piston pressure load=0 785 x24® X 500 =226 000 lb 
Inertia load 30° after dead centre 

/'27rx200\^ _ 2200+0 35+2500^^, , 

=1 — go — j Xl5x ggg X(cos30 +^ cos 60) 

=51 000 lb 

Resultant vertical force =226 000 — 51 000 =175 000 lb 
At 30 after dead centre the obhqmty of the rod is 6 
Connectmg rod thrust =175 000 — cos 6 =176 000 lb =P 
At section KK — Area =33 2 in « =A 
Section modulus =27 0 m ® =Z 
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DeA lation of line of thiust ^ loxoo 


75 


and the stiess f =176 000 ^§^+5^^ =8970 lb /sq 
At section SS — 

Area =38 o in ® = A 
Section modulus =33 7 in ® =Z 


m 


Deviation of Ime of thiust = 


0 lo x6 25 Xo5 


7o 


=0 69 111 


and the stress f =176 000 =176 000 xO 0464 

=8160 lb /m 2 


(2) Calculation of stress due to inertia bending at 30 
dead centre 

Maximum inertia stress m rod from equation (1) 


22x15x752 
26x6 76 


=1920 lb /m 2 


after 


From Fig 158 the fraction of this maximum applying to 
position KK at 30 after dead centre is 0 37 
Inertia bending stress at section KK =Q 37 x 1920 

=710 lb /m 

The fraction applying to section SS at 30 after dead 
centre is 0 49 

Inertia bending stress at section SS=0 49 xl920 

=940 lb /m 2 


(3) Resultant stress at KK. =8970 —710 =8260 lb /m 2 
Smee the bending actions due to inertia and eccentricity 

of thrust are of opposite sign 
Resultant stress at 88 =8160 +940 =9100 lb /m 2 
Smce the two bending actions are of the same sign 

(4) Tensile stress at SS at beginmng of suction stroke 

-r . ^ /2-7rx200'\2 2000+0 35 x2o00 

Inertia force = I — — J x 15 x 2gg x 1 2 

=63 200 lb 

Stress at SS-63 200 . 

The total range of stress is therefore 

9100 +2930=12 030 lb /m “ 
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Th.e range o± stress leqmied to produce fracture of narld steel 
by fatrgue appears to be about oo 000 lb /sq rn so the factor 
of safety rs about 3 

Calcidatron on the above lines might with advantage be 
made for several different positrons of the crank 

It IS evident that the results of the calculation depend very 
largely on the assumed conditions of journal friction but it 
should be borne in mind that almost any possible combination 
of unfavourable conditions is a probable contingency in the 
combined hves of a number of similar engmes 

Proportions Found in Practice — ^In the preceding example 
the mean diameter of the rod is approximately 0 28 of the 
diametei of the cyhndei a very favourite ratio in practice 
In different designs this ratio varies from about 0 26 to 0 33 
The maximum and mimmum diameters are usually about 
5% more and less than the mean 

Connecting Rod Bolts — In four stroke engines these are 
usually proportioned to the maximum inertia load with a 
nominal stress of 4000 to 6000 lb /m ® based on the meitia 
and centrifugal loads divided by the area of two bolts at the 
bottom of the threads ith trunk piston engmes failure 
when it occurs is generally due to piston seizure to which it 
would be difB-Cult to apply definite rules of calculation 
Danger of seizure is largely ehmmated by the use of a cross 
head The strength of connectmg rod bolts for four stroke 
Diesel Engmes forms the subject matter of a paper by Mr 
P H Smith read by him before the Diesel Users Association 
and contammg the results of several years experience For 
the big end it appears that the bolts seldom fail if made of a 
diameter 12 to 13 % of the cyhnder bore For the small end if 
bolts are used at all the only safe rule is to make the bolts as 
large as the space available will allow Mi Smith also pomts 
out that the bolts for both big and small ends are not equally 
stressed as may easily be seen by reference to Fig 164 

Owmg to the deviation of the Ime of pull from the centre 
hue of the rod that bolt (No 1 in the Fig ) which first passes 
the top dead centre at the beginning of the suction stroke is 
nearer the hne of pull than the other bolt and consequently 
more highly stressed 

If P =Pesultant pull m lb 
S =Centres of bolts m in 
d =0 15 radius of crank pm 




PUNIs.I\G &EA.r 


2iK) 


Then 

P 

Pull in bolt No 1 = 

Px 

Pull in bolt No 2 = 

With erosshead engines the small end bolts have to carr^ the 
inertia load due to piston piston rod and cros'rihec^d and aGo 
any frictional forces acting on the piston and ciosshead The 




latter being more oi less indeterminate it is custoniaij to 
allow a nominal stiess on these bolts about 30°o Ic h n that 
allowed for the big end bolts The bolts oi Souds connect ng 
the crosshead to the piston rod and the littei to the piston are 
given a large margin of strength for the same le soi Connect 
ing rods for two stroke engines are not a a rule (L&tinj^m hable 
from those for four stroke engines as uhe possibiht\ of com 
pressions being lost has always to be kept m view 

Indicating Gear — ^The only satisfactorv gear for obtaining 
accurate cards consists of a hnk motion directlj connected to 
the piston The usual arrangement is shewn diagrammat callj 
in Pig 165 for both trunk and crosshead engmes The condi 
tions for giving an accuiate reproduction of the motion of the 
piston are — 

(1) The Ime of the cord to be at right angles to the mean 

position of the short arm of the lever 

(2) The long arm of the lever to make equal angles of 

swmg above and below the horizontal 

(3) The versme of the arc of swing of the drag hnk to be 

negligible in comparison with the stroke of the engme 

The mechanical details of mdicator gears are hardly of 
sujE&cient interest to require description here but it may be 
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well to mention that mclicatmg is of far more importance in 
the successful runnmg of a Diesel Engme than in that of a 
steam or even a gas engine and consequently all the more 
care should he given to the design of the gear by which the 
indicating is accomphshed Makeshift or temporary gear 
should not be tolerated but the same attention paid to lubri 
cation and bushing of joints etc as on other parts of the 
engine 

Literature — Piston Coohng for Diesel Engmes Article 
m JPhe SJiX'p and JMoto'i Boat July 18th 1918 et seq 
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FUEL OIL^SYSTEM 

Eor puiposes of description the complete fuel oil sj^stem is 
conveniently divided into two parts the first consisting of 
those elements such as tanks etc which are external to the 
engine and the second of those organs of the engine itseK 
which are directly concerned with the dehver^ of the fuel to 
the working cylinder 

External Fuel Oil System — ^Fig 1G6 repre ei ts diagiam 
matically a fuel system for a small Diesel poi^er ^^tation and 



consists essentially of a main stoiage tank \ a ready use tank 
P a filter C and a pump D for raising the oil from the storage 
tank 

The stoiage tank is preferably arranged undei ground as 
close as possible to the railway sidmg so that oil can be run 
from the railway tank waggon to the storage tank by gravity 
through a hose pipe Some foim of level indicator or a plugged 
hole for a sounding rod should be provided The capacity of 
the tank will depend on the size of the station and the local 
conditions of supply 
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The pump D by means of which the oil is pumped to the 
leady use tank may be of the semi lotary type capable of 
bemg woiked by one man in the case of small stations but 
where the daily demand is gieater a motoi driven rotary oi 
reciprocatmg pump is generally fitted 

The ready use tank may have a capacity of say half a day s 
run so that the routme of leplemshmg it will occui twice daily 
Some form of float indicator should be fitted so that the level 
of oil may be convemently aseertamed fiom the engine room 
floor Other necessary fittings are an oveiflow pipe leading to 
the storage or a special diain tank and a diam valve commum 
catmg with the overflow pipe The tank must be closed at the 
top to exclude dirt The valves in comiection with the fuel 
system aie preferably of the gate or sluice type as cocks aie 
hable to leakage and globe valves tend to choke by accumula 
tion of sediment The tanl^. only requires to be located a few 
feet above the level of the filter as the dischaige is vei"^ small 
The filtei usually consiists of a cyhndrical tank of about 
40 gallons capacity located about two feet above the level of 
the cylinder cover and provided with a filter diaphragm at 
about a third of the height of the tank from the bottom The 
diaphragm consists of a sheet of felt sandwiched between two 
sheets of wire gauze and reinforced by an angle non rmg 
The fuel enters the filter at the bottom passes through the 
diaphragm by virtue of its static head and is drawn off by the 
engine fuel pump at a point a few inches above the diaphragm 
The filter vessel is prevented from being overflooded by a ball 
float mechamsm which closes the inlet cock when the oil 
reaches a predeteimmed level The plug of this cook is kept 
fairly tight by means of a spring acting on the plug but slight 
leakage is almost mevitable so it is desirable to mount the 
filter on an oil tight tray provided with a drain It is very 
usual to provide a small reseivoir of the same capacity as the 
filter arranged alongside the latter for the reception of paraffin 
by means of which the piping leading to the engme and also 
the fuel pumps and fuel valves etc may be cleansed fiom 
time to time by running the engme for a few minutes on this 
fuel before stoppmg the engme 

Marme installations follow on similar hues with a few com 
phcations The double bottom is used as a storage tank and 
the fuel lb raised to the ready use tank by motor driven pumps 
when eleetnc power from auxihaiy engines i& contmuously 
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available or by means of pumps driven oS the mam engine in 
cases where the mam engme drives its own ausihanes In 
either case it is usual to install duphcate pumps to guard against 
bieakdown The motion of ships bemg ui^avourable to the 
successful operation of float devices the level of the oil m the 
ready use tank has to be inferred from gauge glasses test cocks 
and the hke For similar reasons the filters must be totally 
enclosed and provided in duplicate with change over cocks so 
that they may be overhauled at any time In addition special 
requirements of the Board of Trade and Lloyd s have usuallj 
to be comphed with 

Fuel System on the Engine itself — ^The commoner arrange 
ments fall mto one of two broad classes — 

(1) Those in which each cylmder has a separate fuel pump 

or separate plunger and set of valves to itself In 
case the oil is dehvered direct from the pump to the 
injection valve by the most direct route possible 

(2) Those m which one fuel pump plunger upphes the oil 

for a plurahty of cyhnders usually a maximum of four 
In this case the pump dehvers to a fuel mam provided 
with a branch and distributing valve separate to each 
cylmder whereby the amount of oil dehveied to each 
oyhnder may be equahsed v hile the engme is runmng 

Engines of six or eight cylinders are divided into two groups 
of thiee or four so far as the oil system is con 

ceined With manne engmes the first system is at present the 
favourite and has the advantage that the failure of one pump 
does not affect the workmg of the remaining cyhnders With 
the second system a stand by pump is provided ready to take 
over duty at a moment s notice 

For land engines the two systems appear to be on an equahtv 
as nearly as can be ascertamed by the reputations of repre 
sentatives of both classes but if anythmg sy&tem (1) appears 
to be slightly the more popular of the two 

Figs 167 and 168 illustrate the two systems diagram 
matically It will be noticed that m Fig 167 the governor 
operates on all the pumps by means of a shaft extending 
nearly the whole length of the engme and as the quahty of the 
govermng is dependent on the freedom from friction of the 
govermng mechanism it is desirable to mount this shaft on ball 
bearmgs The expense of providmg separate pump bodies 
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and drives is sometimes reduced by grouping the pumps in the 
neighbourhood of the governor even to the extent of drivmg 
aU the plungers by a common eccentric 

With the arrangement of Fig 168 there is only one pump to 
regulate and this renders possible the use of a type of governor 



which is piobably unrivalled for sensibihty and which will be 
desciibed later The distributors indicated in Fig 168 are a 
special feature of this system and are illustrated to a larger 
scale m Fig 169 4. particularly neat arrangement of piping 

is obtamed by combimng the fuel distiibutor and blast air 
T piece in one fittmg 



The mclusion of a non return valve prevents in a great 
measure the oil bemg forced back through the pump by the 
blast air pressure in the mterval elapsmg between the turning 
on of the blast air and the attainment by the engme of full 
working speed A non return valve is sometimes fitted to the 
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fuel valve itself for the same reason. Vent cocks are provided 
on the distributois and sometimes on the fuel valves to 
enable the pipes to be primed before staiting the engme 
The pnming may be effected in various v^ays — 

(1) By gravity means being provided for holding the fuel 

pump valves off their seats durmg the process 

(2) By means of an auxiliary hand operated and “spring 

returned plunger on the fuel pump 

(3) By means of the fuel pump plunger itself where pro 

vision has been made for disconneetmg the lattei fiom 
its operating eccentric in order to enable it to be 
operated by a hand lever piovided for the puipo e 




The piping m connection vith the high pressure fuel biatem 
deserves special attention on account of the high pressures 
used and the type of umon shewn m Fig 170 is probably the 
most satisfactory that has yet been devised both for oil and 
high pressure air 

Fuel Punaps — A simple fuel pump for a large marme engme 
IB shewn in Fig 171 and is representative of a large class of 
pumps tor both marme and stationary purposes 

The operation of the pump is almost obvious from the 
figure but may be described bnefiy as follows — 
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The eccentric A works the plunger B which is guided at C 
E and E are the dehvery and suction valves respectively and 
the latter communicates with the suction chamber D to which 
the fuel is led by means of a pipe not shewn in the figure 
’VI IS an auxihary plunger operated from the crosshead C by 

hnksi H K etc and whose 



function IS uo keep the suction 
valve off its seat for a frac 
tion of the dehvery stroke 
dependmg upon how much 
oil IS required per stroke 
The duration of this inopera 
tive portion of the stroke is 
alteied as requued by raising 
or depiessmg the pomt K by 
means of an eccentric keyed 
to the shaft L accordmg as 
less or more oil is required 
In the case of a governed 
engine the shaft L is con 
trolled by the governoi On 
maime engines the shaft L 
IS operated by hand geai 
consisting of levers lods etc 
Neglecting the obhqvuty of 
the eccentiic lod the mam 
plunger desciibes simple har 
momc motion of amphtude 
equal to half the stroke of 
the eccentric and it will be 
clear from the drawing that 
the auxihary plunger M will 
describe a similar motion 
exactly m phase with the 
first but of amphtude equal to 


stroke of main plunger 

When the mam plungei is at the bottom of its stroke the 
auxi lary plimger is also at the lowest pomt of its travel and 
the clearance between the top of the auxihary plungei and the 

suction valve multiphed by the ratio ~ is equal to the effec 
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tive stioke of the pump that is that portion of the stroke 
during which the suction valve is on its seat as of course it 
must be (apait fiom viscosity effects) for dehveiy to take place 
The quantity of oil dehvered per stroke theiefoie depends on 
a certain clearance between the auxihary plunger and the 


suction valve which clearance 
is readily adjusted by shorten 
ing or lengthening the rod LK 
when assembling or adjusting 
the engme and m the ordinary 
course of running by the eccen 
tiic at L 

Constructional Details — ^The 
pump body plunger sleeve and 
guide are of cast iron The 
mam and auxiliary plungers 
the ciosshead pin and joints 
in the hnkwork are of case 
hardened steel The valves 
may be either of steel or cast 
iron If the latter then the 
suction valve should be fitted 
with a hardened steel thimble 
where it makes contact with 
the auxihary plungei The 
mam eccentric and strap may 
be of cast iron the lower half 
of strap being white metalled 
in some cases It will be 
noticed that no packing is pro 
vided for the mam plunger 
but rehance has been placed 
on the fit of the plunger With 
good workmanship the leakage 
should not be excessive ^ A 



oast tray is provided to catch dnps duiing working and the 
overfiow at priming A hght sleeve encurclmg the auxiliary 
plunger is arranged for operation by external gear so that the 
suction valve may be lifted by an emergency governor m cases 
of excessive speed and also by hand in case it is desired to cut 
any mdividual cyhnder out of operation 


^ Eixcept with tar oil for which this arrangement is unsuitable 
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Vanations of this system embodying the same principle 
are shewn m Figs 172 and 173 The front view of the latter 
shews three pumps grouped together but each worked by its 
own eccentric Fig 174 shews four plungers being operated 
by eccentrics m common It is evident that with this arrange 
ment the oil dehvered to the pulverisers of the various cyhnders 
will have different allowances of time in which to settle before 
mjection into the cyhnder This appears to have no effect on 
the efficiency but it is usual to space the eccentrics so that oil 
IS not in process of dehvery whilst a fuel valve is open The 
pumps so far illustrated have been driven off the cam shaft 
That shewn in Fig 175 is arranged with horizontal plungeis 



Fig 173 
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for driving ofE a vertical shaft The auxihary plunger is dnven 
by a separate eccentric which on account of the intermediate 
lever L requires to be at 180 degrees or thereabouts to the mam 
eccentric The suction valve control may m this case be 
effected in one of two ways 

( 1 ) Ly an eccentric movement of the lever L 

(2) By advanomg or retardmg the auxihary eccentric 



The latter leads to a veiv neat and efficient arrangement of 
governor and fuel pump to which reference has already been 
made It will be immediately obvious that with a given 
TnaTrmmiTn clearance between the suction valve and the 
auxihary plunger an angular movement of the auxiliary 
eccentric will have the effect of advancmg or retarding the 
instant at which the suction valve comes on its seat and con 
sequently mcreasing or decreasmg the amount of oil dekvered 
per stroke This angular movement is effected very simply by 
a type of governor which has been well known for a long time 
in steam practice and which is illustrated m Fig 184 
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Retmmng to Fig 17o the use of this type of fuel pump is 
almost entiiely confined to land engines The pi o vision of an 
eccentiio mounting for lever L enables the pump to be set in 
three different positions apart from its normal running position 

VIZ — 

(1) Startmg In this position the lever is moved so that 
the maximum clearance under the suction valve is 
increased about 50% so that the dehvery of oil per 
stroke IS increased correspondingly 

(2) Stop In this position the suction valve is held 
continuously off its seat and no od is delivered 

(3) Priming In this position both suction and dehvery 
valves are held off then seats and the oil has a cleai 
passage through the pump 

Figs 177 and 178 will make thiss mattei cleai vithout 
furthei explanation 

Details of Fuel Pumps — The bodies aie usually of cast iron 
but sohd slabs of steel aie sometimes used In designing the 
body thiee considerations should be kept in view — 

(1) The shape to be favourable to sound castmg 

(2) As few machining opeiations as po&sible to be necessary 

apart from those winch can be done on a drilhng 
machine 

(3) The pump chamber and passages to be free from an 

locks 

Owing to the costly precautions necessary to ensure the 
plunger and gmde being concentric and in hne it its convenient 
to allow some side play at the pomt where they join as in 
Fig 179 Some different forms of plunger packmg are shevn 
in Fig 180 and a selection of suction and dehvery valves in 
Fig 181 Fig 182 shews a hand operated plunger foi priming 
puiposes 

Calculations for Fuel Pumps — ^The process of computmg 
the capacity of a fuel pump for a proposed engine is most 
easily illustrated by an example as follows — 

B H P of one cyhnder (four stroke) 2o0 
One plunger to each cylmder 

Estimated fuel consumption 0 4 lb pei B H P hour 
Revolutions per mmute 120 
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rCoi'er/T ng 
\ Plunger 




Pig 181 







224 


DIESEL ENGINE DESIGN 


Estimated quantity of fuel pei c;^ cle = 


0 4x2o0 
60 x60 


=0 0278 lb 


Volume occupied by 1 lb of fuel=about 31 cub in 
Tberefoie volume of fuel pei cycle =0 0278 x31 =0 86 in ® 
Adding oO % to allow for overload possible merease of fuel 
consumption leakage of plunger etc — 

Stroke volume of plunger = 1 o xO 86=1 29 m ® 

Which IS satisfied by a plunger diameter of | in x 3 m stioke 



This size of plungei would only be peimissible on a marine 
engme If the cylindei belonged to a governed engire the 
stroke volume of the fuel pump plunger would need to be 
about four times the above figuie as it is found that good 
govermng at all loads is only to be obtained by using about 
the last quarter of the stroke This is probably due to the fact 
that the quantity of fuel consumed by the engme m a given 
time IS not proportional to the load but moie nearly piopoi 
tional to the load plus a constant representing the engine 
friction The actual position taken up by the governoi and 
the effective strol e of the pump plimger at any specified pro 
portion of full load are not easj to deteimme expeiimentally 
with great accuracy but the angular positions indicated in 
Fig 183 wuth reference to the fuel pump eccentric circle are 
those generally used as the basis of calculation 

V hen one plunger is used to supply several cyhnders the 
length of effective discharge peiiod is limited by the condition 
that the latter should not overlap the injection peiiods In 
estimatmg the capacity of a fuel pump driven off a vertical 
shaft the speed of the latter must be kept m mmd being usually 
the same speed as the engine and in some cases 50% moie 
The valves hand plungers etc are suitable subjects for 
distributive standardisation For example a suction valve 
f m m diameter would be quite smtable for all sizes of cyhnder 
(assuming one plungei per cyhnder) up to about 20 in bore 
provided that the use of fuels of exceptional viscosity were not 
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contemplated Eor oils like crude Mexican of tlie consistency 
(when cold) of tai largei valves aie probably advisable W ith 
the valve arrangements in common use the diameter of the 

dehveiy valve is determined by 
that of the head of the suction 
valve plus adequate clearance 
foi the flow of the oil round 
the latter 

The general thicl ness of 
metctl of the pump body is 
usually kept as uniform as 
possible to facihtate casting 
and the nominal stress in the 
neighbourhood of the pump 
chamber based on a blast pres 
sure of 1000 lb per sq in is 
about 2500 lb per sq m The 
design of a fuel pump affords 
ample scope for a draftsman s 
skill in manj directions in 
which numerical calculation plays a very small part and the 
following suggestions are offered — 

(1) Ihe arrangement generally to be neat and substantial 

and presenting an external appeal ance lu keeping 
with its surroundings 

(2) The flanges and brackets by vhich it is secured to the 

framework of the engine to be unobtrusive and to 
have the appearance of growing as naturally as possible 
out of the mam body of the casmg so as to convey an 
impression of rigidity and equihbiium 

(3) Every detail to be carefully studied both with regard to 

its special function and also to economy n manu 
facture efELciency alwa 3 rs having precedence over 
economy In particular case hardenmg and bus hing 
of parts subject to wear must not be stmted and 
provision should be made for lubrication of all movmg 
parts 

(4) Valves and other mtemal mechamsm to be easily 

accessible for inspection and overhaul 

(5) Arrangements to be made to catch all drips both of fuel 

and lubricating oil avoiding the use of trumpery 
sheet iron guards and the like 
Q 





Fig 184 
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Many of the above principles apply of comse to the design 
of any part of any high giade machine and they are mentioned 
here because the matter on hand provides an excellent oppor 
tumty of emphasising them m a particular case in which the 
sub 3 eot IS singularly free from the comphcations arising from 
calculations When the discussion is transferred to some large 
part of a machine in which the stresses are approximately 
determinate and the scope of the design appears to be hmited 
by adjacent parts it becomes increasingly difficult to reconcile 
the ideals of high class design with the requirements of 
efficiency and economy and the skill of a designer may be 
gauged by the extent to which this difficulty is overcome 
From this point of view no part of a design can be said to be 
finally determined until the whole design is complete as there 
IS always the possibihty that a design for a certam part perfect 
m itself may require to be modified subsequently on account 
of its relationship perhaps remote to some other part as yet 
undetermmed 

Governors — It is not proposed to deal here with governor 
design generally as that is a subject for a specialist in this 
particular department of mechamcal design but only to 
illustrate the apphcation of governois to stationary Diesel 
Engmes by means of a few examples and to give the mam 
hues of calculation for the type of governor shewn in Fig 184 
which IS a type not usually standardised by governor speciahsts 
The action of the weights m causmg rotation of the central sleeve 
wiU be immediately obvious from the figure The amoimt of 
this rotation between the hunts of no load and full load should 
correspond with the angle 60 of Fig 1 83 but as a safety pre 
caution it IS advisable to give the governor sufficient range to 
give a complete cut out and the sleeve should therefoie be 
free to describe an angle of about 70 The first stage in the 
design of the governor is to rough out a di awing similar to 
Fig 184 fulfilling all the requirements as to space accessi 
bihty etc and m which the above angular rotation is secured 
As regards the size of the governor it is generally wise to avail 
oneself of all the space obtamable The next step is to find the 
mass and centre of gravity of the weights and the positions of 
the latter in the extreme m and out positions A diagram 
similar to Fig 186 should now be constructed m which the 
abscissae are distances of the weight from the centre of the 
shaft in mches and the ordmates are the centrifugal forces at 
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these distances at no load speed and full load speed respeotivelj 
Point P corresponds to no load speed and no load 
distance from centre and point Q the same quantities foi 
full load The Ime PQ then determines the piopeities which 
the controllmg spring would have to possess if it were con 
nected to the weight at its centre of gravity These propeities 
are as follows — 

(1) The initial tension when the weights are full in is equal 

to the centrifugal force coriesponding to the point 

Q 

(2) The weight of the sprmg per inch extension is equal to 

the slope of the hne PQ that is the amount in lb by 
which the ordmate mcieases as the abscissa increases 
by one inch 

Actually the spring is attached to the weight at a point 
nearer to the fulcrum than the centre of gravity and both the 
imtial tension and the rate as found thus require to be incieased 

in the ratio j where — 

L=Distanee of the weight fulcium fiom the line joimng 
the C G of the weight to the centre of the governor 
1 =Distance of the weight fulcium from the line of action 
of the spimg 



This veiy simple construction repeated as often as may be 
necessary m the process of trial and erroi contains all the 
dynamical calculation required to ensure sensibihty and 
stabihty but it is advisable to provide adjustments for sprmg 
tension m the manner shewn m the figure to allow foi un 
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avoidable errors and routine adjustment on the test bed 
Strictly speaking the diagram shewn m Fig 185 should be 
corrected to allow for the versed sine of the arcs described by 
the points of suspension and so on but these aie practically 
neghgible Othei types of governor are designed on similar 
lines but are usually comphcated by hnk mechanism of which 
the variations of configuration are not neghgible 




Vaiiation of speed during the running of the engine is readily 
secured by transferring a part of the controlling force to an 
auxihary sprmg the tension of which can be varied by 
mechamsm provided for the purpose as shewn in Fig 186 
or by varying the tension of the mam sprmg itself as m 
Fig 187 

Some pomts to be observed m governor design are — 

(1) Weights as heavy as possible to give power and con 
sequently render the efiects of friction neghgible 
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(2) Springs to be readily adjustable 

(3) Small pm Imks etc to be as substantial as convemently 

possible 

(4) Friction to be reduced to a minimum by ball bearings 
(o) Joints other than ball bearmgs to be bushed and pro 

vided with well hardened pins 
(6) Lubrication both as regards supply of lubricant to the 
workmg parts and systematic ^sposal of the surplus 
to be considered carefully 

The general disposition of the governor and fuel pump with 
respect to the framework of the engine is shewn in Figs 188 




189 and 190 in three oases In Fig 188 the governor is of the 
angular movement type described above and illustrated in 
Fig 1 84 driven off the vertical shaft from which the cam shaft 
receives its motion The fuel pump is of the horizontal plunger 
type receiving its motion from eccentrics mounted on the 
same vertical shaft The fuel pump body is supported by a 
facing on the lower side of the case containmg the upper spiral 
gears 

In the arrangement shewn m Fig 189 the fuel pump is 
attached to the cylmder jacket but m other respects the 
details are similar to those of Fig 188 

The governor shewn in Fig 190 is of the more usual type 
characterised by a sleeve which is mounted on a feather and 
which rises as the ei^me s speed mcreases The pump is of the 
vertical multi plunger type and regulation is effected by 
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rotation of an eccentric shaft on which are hinged the levers 
which operate the auxihary plungers 

The arrangements described briefly cover the bulk of the 



fuel pump and governor mechanisms found in piactice but 
mention must be made of some modem refinements which are 
coming mcreasingly to the fore 

(1) Control of fuel valve opemng At hght loads the dura 

tion of openmg of the fuel valve is greatei than 
necessary if uncontrolled and the instant of openmg 
which IS most favourable for full load running is 
inchned to be late for hght load runmng At least one 
firm has attacked this problem of governor control of 
the fuel valve operatmg mechanism 

(2) Blast pressure control This question is closely alhed 

with (1) as a shortened opemng period would lead to 
morease of the blast pressure if the latter were not 
corrected Apart from this the blast pressure has in 
any case to be altered m accordance with the load 
(unless oyhnders are out out of operation) if good 
combustion is to be secured at all loads includmg no 
load The blast pressure is placed under the control 
of the governor by means of a throttle shde on the 
compressor suction 

(3) Pilot igmtion This refers to cases where exceptionally 

refr^/Otorjr oils aro being used which reqmre for their 
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combustion a preliminary charge of a lighter oil such 
as Texas oil which is deposited m the pulveriser in 
advance of the mam charge by a small auxihary pump 
provided for the purpose The necessity for this 
device appears likely to be obviated by improvements 
in fuel valves and the pulverisers m particular 

Fuel Injection Valves — ^It now remams to deal with the 
valve by means of which the fuel is mjected into the combus 
tion space and to which oil is dehvered by the fuel pump for 
this purpose These may be broadly classified as the open and 
closed types respectively and as the former form a relatively 
small class at present it is convement to dispose of them first 
Open Type Fuel Valves — ^Eig 191 is a diagrammatic view 
of such a valve omittmg all detail not required to illustrate 



the bare prmcijile Oil is dehvered to the space A past the non 
return valve B by means of the fuel pump and this type of fuel 
valve derives its name from the fact that the space A is in 
constant commumcation with the mterior of the cyhnder It 
IS to be noticed that the fuel pump is not required to dehvei 
against the pressure of the blast air as the latter is restramed 
by valve C The latter is opened by appropriate geai at the 
predetermined instant for injection and carries with it the fuel 
oil contamed m the space A The action appears to be highly 
efiScient m pulverising effect and excellent fuel consumptions 
have been reported for engines in which these valves have been 
fitted This type of fuel valve appears to have been devised in 
the first instance for use in horizontal engmes m which it was 
anticipated that the more usual type of fuel valve would be at 
a disadvantage A valve working on a somewhat similar 
prmciple has been tried from all accounts successfully on 
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vertical engines but has not yet to the author s knowledge 
become a standardised fitting 


Closed Type of Flue 
Valves — In this type com 
mumcation between the 
combustion space and the 
interior of the fuel valve 
only exists durmg the in 
jection period when the 
flow IS always in the same 
direction apart from such 
derangements as stuck 
valves or failure of the 
blast pressure 

Fig 192 shews what 
may not improperly be 
called the Augsburg type 
of fuel valve Apart from 
the cast iron body the 
oonstiuction of which is 
sufficiently lUustiated by 
the drawing the principal 
paits are — 

(1) Needle valve A 

(2) Sprmg B 

(3) Stuffing box C 

(4) Pulveiiser D 

(o) Flame plate E 

The needle valve iS 
usually made of special 
steel case hardened in 
way of the stuffing box 
to prevent cuttmg by the 
jiacking Accurate ahgn 
ment of all parts of the 
needle is essential and 
readily secured by grind 
ing between fixed centres 
The lower part ofjJ_^the 
needle is preferably re 



duced in diameter by a 


Fia 192 



234 


DIESEL ENGINE DESIGN 


few thousandths as a certain temperature gradient exists 
between the needle and the pulveriser tube which may lead to 
seizure if sufficient clearance is not allowed The tip generally 
has an angle of about 40 degrees The needle spring m addi 
tion to returning the needle to its seat agamst the pressure of 
the blast air has to deal with the fnotion of the stuffing 
box and may be figured out on the basis of a pressure of 
1500 lb per sq in over the sectional area of the needle at 
the stuf^g box The latter is usually provided with a 
screwed gland 



Fio 193 


The pulveriser tube is held on its seat by a stiff spring and 
serves the double purpose of affoiding some support to the 
needle and retaining m their relative positions the rings and 
the cone which play an important part in pulvensmg the 
fuel It will be clear from the figure that the pulveriser is 
surrounded by blast air which enters at F The fuel is 
mtroduced by means of a narrow hole G at a point H immedi 
ately above the top rmg If the point H is located too high 
the oil fails to distribute itself evenly round the pulveriser 
rmgs and inefficient combustion results 

Fig 193 sho'sv^ the mjection end of the pulveriser together 
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with, the flame plate and nut to a larger scale Th.e details 
shewn are those in most common use but are subject to 
variation in the practices of different manufacturers The 
proportions shewn are roughly indicative of good practice 
but it must be admitted that the rule of hnear proportionahty 
does not appear to be rational m this case Experience in this 
matter discloses two facts — 

(1) That for a given engine there is a certain mimmum 

diameter of pulveriser rmg below which results are 
not satisfactory (about 9% of the cyhnder bore) 

(2) That as cyhnders are increased m size it becomes in 

creasingly difficult to obtain a high M I P 

These suggest the foUowmg hypothesis — 

That the best results are to be obtamed when the depth of 
oil in the pulveriser before injection is a certain amount and 
the same for cylinders of aU sizes If this is true then the aiea 
of the pulveriser rmg should be m proportion to the cyhnder 
volume This would lead to the diameter of pulveriser nngs 
being made proportional to the cyhndei bore raised to the 
power of 1 6 Such a rule has not been adopted and would 
probably lead to inconveniently large valves in the larger sizes 
of engmes but the question would appear to offei some induce 
ment to research A very large number of different types of 
pulveriser are in use and have been described in the technical 
press but it still remains to be proved 
that they are more efficient than the 
common variety shewn m Pig 193 \ 

neat form of pulveriser tube which dis 
penses with the long narrow hole drilled 
m the fuel valve casting is shewn m 
Fig 194 from which it wiU be seen that 
the oil IS led to an annulai space A at 
the top of the tube whence it flows do-wn 
wards to the pulveriser rmgs via a number 
of grooves in the surface of the pulveriser 
tube Holes B are provided to give passage 
for the blast air 

Swedish Type of Fuel Valve — ^Fig 195 
shews the construction of this type of 
valve which has also been widely adopted 
and which is characterised by the fact that 
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tlie needle is completely enclosed within the casmg and is 
subject on all sides except the extreme tip to the pressuie of 
the blast air On this account the spnng 4 does not requne 
to be as strong as that of an Augsbuig type of valve of the 
same size The needle is hfted in working by the lever B 
attached to a cross shaft C the end of which penetrates the 
casing through a stuffing box D The mechanical means by 
which end thrust on the cross shaft and bend | 

ing actions on the overhung end due to the 
pressuie on the external lever are dealt with 
will be clear fiom the figure without fuither gSH 

explanation The use of this type of valve 
appears to be limited at present to those 
designs in which the requirements of other 
parts of the valve gear necessitate the fuel rr~1 

valve operating lever being arianged off the |[ 

centre hne of the cylinder cover ic 3 

Burmeister Fuel Valve — ^The construction 
of this valve is shewn diagrammatically in 

Fig 196 and its outstanding features are the t t f 

use of a mushroom valve the extreme sim — -h — 

phcity of the whole arrangement and the fact 
that the valve is opened by a downwaid ' 

movement The latter is a particularly valu ! 

able feature as it secures uniformity of valve 
gear and ease of withdrawal || la 

The four classes of fuel valve described | | j | ^ 

above mclude as members most of the blast air || I ^ 

fuel valves used on Diesel Engmes at present 
Each type has its advantages but no one of ^ ^ 
them can be said to hold the field Something 

similar might be said for the enormous variety 

of pulverisers patented and in actual use It ige 

seems doubtful if any of these can claim out 
standing efficiency When pilot mjection of a less refractory 
oil IS used to facilitate the use of tar oil as fuel an additional 
hole has to be drilled in the fuel valve as shewn dotted in 
Fig 193 The question of burning tar oil IS stiU in the experi 
mental stage in this country but the results so far obtained 
hold out hopes that it wiU be possible to dispense with pilot 
igmtion m favour of special arrangements of a simpler char 
acter in connection with the fuel valve details 
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Some of the airangements by means of which fuel valves 
aie operated are shewn m Eigs 197 198 199 and 200 The 
long level which is a feature of all these schemes is usually of 
cast steel and should be of stiff construction The fulcrum on 
which the lever hmges is common to the levers which operate 




the other valves viz air and exhaust valves in the case of four 
stroke engmes and scavenge valves in the case of two stroke 
engmes and starting valves in both cases With land engines 
and many marine engmes it is usual to mount the fuel and 
starting valve levers on eccentric bushes mounted on the 



fulcrum shaft at such angles that the operation of putting the 
startmg valve mto gear automatically puts the fuel valve out 
of gear and vice versa This is considered m detail in 
Chapter XIV 

The use of the needle type of fuel valve in conjunction with 
a single lever necessitates the latter being so disposed that its 
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loUei IS rendered more or less inaccessible by the cam shaft 
paiticularly if the latter runs m a trough (see Eig 198) The 
difficulty may be got over by pioviding a small intermediate 
lever as shewn m Eig 199 to reverse the direction of motion 
In spite of the objections which have been raised agamst this 
arrangement it appears to be satisfactory in practice 

Design of Fuel Valves — ^An approximate rule for the 
internal diameter of the body has already been given being 
the same as the diameter of the pulveriser rings The thick 
ness of the walls (cast iron) may be from a third in large valves 
to a half in the case of small valves of the mternal diameter 
If the valve is of the Swedish type this thickness will be ap 
proximately constant throughout the body of the valve except 
m the neighbourhood of flanges etc If of the Ausgburg type 
those parts of the body not subject to pressure may be a little 
thinner In all cases a good rigid job should be aimed at as 
lack of ahgnment leads to sticking of the valve The pulveriser 
tube IS made of steel and the details such as rings and cones of 
steel or cast iron The Swedish type of valve requires special 
care to be devoted to the design of the cross shaft and its fit 
tings in order to obtain freedom under load adequate bearmg 
surface and accessibihty of the stuffing box As legards the 
valve as a whole the designer should aim at shapely sohdity 
and avoid flimsmess of detail 

With the Augsburg type of valve (Eig 1 92) the load necessary 
to lift the needle is the sprmg load less the product of the blast 
pressure and the area of the needle at the stuffing box (approx ) 
plus the gland friction With the Swedish type (Eig 195) the 
load may be taken as approximately equal to the spimg 
pressure plus the product of the blast pressure and the area of 
the needle at its seat This load evidently mduces bending 
and twisting actions which the cross shaft should be pro 
portioned to carry with a low stress The weakest section is 
generally at the reduced diameter to which the external lever 
IS keyed The key itself should be amply proportioned and is 
preferably made of tool steel The ball thrust must be pro 
portioned to the load obtained by the product of the maximum 
blast pressure into the sectional area of the cross shaft at the 
stuffibag box The flame plate is of nickel steel and the 
diameter of the hole is usually about 1 % of the cylinder bore 
but the best size for any particular case must be found by 
experiment The flame plate nut may be of steel or bronze 
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seemed to the fuel valve body by a fine thiead and piovided 
with flats to accommodate a spannei 

The mam pomts in the design of fuel valves may be sum 
maiised as follows — 

(1) Rigidity and ahgnment of casing 

(2) Ahgnment of the needle and its guide 

(3) Freedom of all working parts 

(4) Sturdy proportions for all small details 



Fig 201 


Mechanical Injection — ^The various kinds of Diesel type 
engines known as sohd mjection airless injection or cold 
startmg heavy oil engines which share the characteristic 
Diesel featme of spontaneous ignition but differ from true 
Diesel Engines masmuch as the fuel is mjected by mechamcal 
means instead of by an air blast owe their origm to two 
distmct fines of development 
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In one line of development films alieady experienced in the 
manufacture of the true Diesel have sought to eliminate the 
air compressor for mjection purposes with a view to simphfica 
tion and. reduction of cost In tliese cases the traditional 
arrangement of valves and a concave piston top is usually 
retamed but the compression is usually reduced to 3 SO to 
400 lb pel square inch and the indicator caid reveals a 
certam amount of combustion at constant volume so that the 
maximum pressure attains a value of 500 to 650- lb /in The 
use of compressed air for startmg purposes is retained 



In the second hne of development the evolution can be 
traced from the earher hot bulb engmes of the four and two 
stroke types In the search for economy and abihty to use 
heavier oils the compression has been gradually raised until 
at last the use of externally heated surfaces can be dispensed 
with At this stage the compression pressure and the indicator 
diagram generally correspond witli those attained as indicated 
above Such engines were usually of the horizontal type in 
the case of four stroke engmes with the inlet valve arranged 
over the exhaust valve and the combustion chamber m the 
form of a compact pocket (Fig 201) 
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Theie are now a number of makes of such engmes both of 
horizontal and vertical types on the market The character 
istie arrangement of combustion chamber and valves is 
retamed in the vertical engmes also m some cases (Fig 202) 
The question whether the adoption of mechanical mjeotion 
actually does achieve simphfication and reduction of cost as 
compared with air blast injection is a very debatable one 
which we shall not attempt to discuss fully here Given equal 
sizes of cylmders in the two cases it seems clear that the 
mechamcal injection engme must be cheaper to build even after 
allowance is made for higher maximum cyhnder pressures 



On the other hand experience shows that the air blast engme 
can achieve the higher brake mean pressure m spite of its 
mechamcal efficiency being lower by about 6 or 6% It then 
becomes a question which engme can safely mamtam the higher 
brake mean pressure under service conditions and this expen 
ence alone can decide 

The Combustion Chamber — ^The abihty of the air blast 
engme to carry a higher brake mean pressure (and therefore 
a fortiori a higher M I P ) than the mechamcal mjection is 
traceable to two causes 

(1) The supercharging effect of the blast air which mcreases 

the available oxygen by about 5 to 10 % 

(2) The action of the air blast in promotmg rapid com 

bustion (turbulence) 

In the mechamcal mjeetion engme the turbulence is 
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dependent upon the an speed through the inlet valve (about 
150 ft /sec ) and the effect pioduced by the piston displacing 
the charge into a pocket shaped combustion space vhen this 
construction is adopted 

Any attempt to mcrease the air inlet speed unduly would 
react unfavourably on the pumpmg loss and reduce the charge 
weight In order to obtain satisfactory combustion with the 
hunted turbulence available it is necessary to get the fuel in 
qmckly and early in order to gam time foi combustion and to 
attain a high temperature as quickly as possible This means 



a period of combustion at constant volume with consequent 
rise of pressure at the dead centre As very high maximum 
pressures are undesirable the compression pressme is accord 
ingly lowered to the lowest pomt which will secure certam 
igmtion under the circumstances contemplated A com 
pression pressure of about 350 lb /m ^ seems to be about the 
lower hunt m practice unless preheating of the jackets can be 
resorted to ’When startmg has to be effected with cold jackets 
on heavy oils 400 lb /m ^ appears to be desirable 

Mechanical Injection Systems — ^The existmg systems can 
be broadly divided into two classes In the first class a fuel 
pump is provided for each cyhnder and the mjection period 
corresponds to the dehvery penod of the pump which is 
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frequently cam operated (Eig 203) The fuel valve is entiiely 
automatic in action and consists either of a simple capiUaiy 
onfice or more usually of a sprmg loaded needle valve which 
IS lifted by the pressure of the fuel actmg on an unbalanced 
area 

In the second class the fuel valves are mechamcally operated 
in much the same manner as with the air blast system Fuel 
IS supphed to them from a common mam or reservoir main 
tamed at a sensibly constant pressure by a pump of one or 
more plungers (Fig 204) This system is sometimes referred to 
as the rail system The pressure in the rail or reservoir is 
mamtamed practically constant at a value of 2000 to 8000 
lb /m 2 by providing sufficient volume capacity to absorb the 
fluctuations m demand and supply by the elasticity of the fuel 
itself In earlier designs special arrangements of accumulators 
or resihent members were provided but it is easy to shew that 
these are unnecessary 

Suppose that the permissible pressure fluctuation is 4000 to 
4500 lb /in 2 whilst a charge of 1 in ® of fuel is being pumped 
into the mam 4.ocording to Kaye and Laby the modulus 
of compressibility of petroleum is — 

C =69oxl0 ® per atmosphere where f ^ volume 

V op ( p =pressure 

so the requued capacity is — 

10® 14 7 

1 cub in X r:^ X — — =423 cub m 
69 5 600 

apart from the yieldmg of the tube wall which is m general 
small compared with the yieldmg of the fluid itself 

Fuel Pumps for Mechanical Injection — ^With the rail 
system the fuel pumps are most convemently driven by 
eccentrics and the construction of the pump may follow very 
closely the designs already referred to m eoimection with the 
air blast system with the foUowmg differences — 

(1) The high pressure used viz 2000 to 8000 lb /m ^ 

demands a stronger construction of eccentric and 
plunger connectioiis and more rigid connection 
between the pump body and the eccentric shaft 
bearmgs 

(2) The pump body is preferably made of forged steel or 

bronze as cast iron is hable to be too porous 
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(3) A rehef valve and by pass are provided in order to 

maintain a constant pressure m the dehvery mam 

(4) The full stioke of the plunger can be utihsedfor dehvery 

allowance bemg made for overload and shp 
(o) The clearance volume of the pump should be small to 
reduce shp by re expansion of the compressed oil as 
in an air compressor 

(6) The shghtest air lock must be avoided 

(7) The dehvery fittings must be very substantial to stand 

strenuous tightening up The same apphes to the 
plunger gland unless a lapped plimger working m a 
plain sleeve is adopted 

In those systems in which an mdividual pump controls the 
mjection to each cyhnder the dehvery stroke must only occupy 
about 30 crank shaft degrees at full load and less at hght loads 
This IS usually arranged by one of two alternative methods 
In the first the plunger is driven outwards on the dehvery 
stroke by means of a cam with a fairly sharp hft of the desired 
duration and returned on the suction stroke by a spring the 
returning side of the cam being fairly gradual The volume 
dehvered is varied m accordance with the requirements of the 
load by some such device as a wedge piece interposed between 
the plunger and the cam follower the position of the wedge 
piece bemg under the control of the governor 

At full load the thick end of the wedge is mterposed and the 
full hft of the cam is utihsed at hght load a thinner part of 
the cam is interposed and smce the return stroke of the 
plunger under the influence of the spring is hmited by a stop 
there is clearance between the cam follower and the wedge 
and consequently a shorter stroke of the plunger This arrange 
ment and others eqmvalent to it suffer fiom the defect that 
the pomt at which dehvery starts is retarded as load is reduced 
In the second method this objection is overcome The 
plimger operates with a constant stroke determined by a cam 
or eccentric but the effective length of the stioke is shortened 
on hght load by the forcmg open of a so called spill valve 
which allows the escape of fuel from the pump barrel to the 
suction side of the pump The pomt at which the spill valve 
hfts is varied m accordance with the load by means essentially 
sTm-i1fl,r to those employed m the true Diesel fuel pump for 
regulating the pomt of seatmg of the suction valve (Fig 206) 
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With this ]^nd of pump the instant of injection remams 
constant at all loads 


3ucri0N 


Fig 205 



W^ith. these puinps it is necessary to arrange th.© governing 
meclianism whether spill valve gear or wedge mechanism or 
eqinvalent in such a way that the operatmg forces do not 
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appreciably react on the governor and are not subject to undue 
wear Simpbcity of adjustment sbordd also be considered 
Fuel Valves — ^The mechamcally operated fuel valves 
associated with the rail system have been evolved from the 
air blast types of valve and designs corresponding to the 
Augsburg and Swedish types have been used Apart from the 
ehmination of the blast air arrangements the essential differ 
ences are as follows — 

(1) The interior of the valve is filled with fuel oil instead of 

air and plugs are arranged to vent air looks if neces 
sary 

(2) The valve body is made of forged steel or bronze to 

withstand the high pressure 

(3) The spring pressure pei unit of needle 

area is greater (m the Augsburg 
form) for the same reason 

(4) Drams are provided to caiiy avay any 

gland leakage 

(o) Pulverisers are not required as the oil 
IS bioken up on emeiging at high 
speed from the nozzle orifices 

(6) The needle is carried down as near to 

the nozzle orifices as possible to pie 
vent after drip i e the slow emeigence 
of oil from the orifices after the valve 
has closed (Fig 206) Fig 206 

(7) The nozzle or flame plate usually con 

t.a.iris a plurahty of minute holes of the older 20y000 
in diameter or a single hole of larger size 

(8) A filter capable of stoppmg particles of grit of a diameter 

less than that of the nozzle onfices is put in circuit 
adjacent to the valve itself oi even incorporated m 
the body of the latter This is very desirable if not 
essential as scale and grit m the connectmg pipes are 
difflcult to avoid 

(9) Means must be provided to vary the penod of opening 

of the valve m accordance with the load This can 
be achieved by eccentric mountmg of the valve 
operatmg lever or eqmvalent means whereby roller 
clearance is mcreased This m general retards the 
pomt at which injection starts as load is reduced but 
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this defect can be overcome by arranging that the 
movement of the cam i oiler durmg the increase of 
lollei cleaiance shaU follow the cam profile oi even 
inteifeie with it thus obtaimng an advance of the 
point of injection 

Fuel valves of the automatic type may consist of a simple 
plug with a umon at the outer end and a nozzle plate at the 
combustion end connected by a hole of small diameter with 
or without a non leturn valve neai the nozzle end It seems 

to be piettjr well agreed however that 
this type of valve is liable to after 
drip and that the best economies cannot 
be obtamed with it 

The preferred type contains a spring 
loaded needle valve seating close to the 
nozzle The outer end of the needle 
passes through a bushed hole in the valve 
body thus providmg an unbalanced area 
on which the fuel pressure acts in lifting 
the needle agauist the spring pressuie 
duiing the pump dehvery period (Fig 
207) The spimg tension per unit of 
needle area at the bushed hole detei mines 
the fuel pressure at the pomt of mjection 
If the needle hfts against a stop the 
mean pressure during injection may be 
considerably greatei than this if the 
nozzle onfices are sufl5.ciently fine If 
the latter are relatively coarse the needle 
lift will be very shght and the injection 
pressure will be sensibly constant 

Fuel Valve Nozzles — great deal of experimental work 
has been done by the various makers of mechamcal injection 
engmes to secuie the most favourable type of fuel sprayers 
the efficiency of the combustion process depends very largely 
on the degree of pulverisation and the character of the distn 
bution of the fuel Some of this work is referred to in the hst 
of references at the end of the chapter It seems to be estab 
hshed that the degree of pulverisation should strike a happy 
medium between the extremes of — 

(a) Too coarse pulverisation leadmg to slow combustion 



Fig 20/ 
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and carbomsation due to liquid oil striking the piston 
or otherwise 

(b) Too fine pulverisation preventing the spray from 
adequately penetrating the charge and leading to 
undue concentration of oil in the neighbourhood of 
the injector with the result that combustion is incom 
plete and smoke is formed 

In an ideal state of affairs the fuel in a fine state of division 
would be evenly distributed throughout the hot central core 
of the combustion chamber When the latter consists of an 
elongated pocket or egg shaped chamber the ideal programme 
can be approximately reahsed by the use of a smgle orifice 
nozzle 

If on the other hand the combustion chamber is wide and 
shallow a plurahty of orifices is usually employed 

The size of orifice required may be determined approxi 
mately as in the following example — 


I H P per cylinder (4 stroke cycle) 100 

R P M 300 

Fuel consumption per IHPhrinlb OSi 

Density of fuel m lb per ft ^ oo 

Injection pressure lb /sq in (above igmtion 

pressure) 4000 

period in crank shaft degiees 30 


Volume of od injected per working stioke 

100 X 0 35 , , ^ 

cubic feet 

60 X 150 X 55 

Duration of injection period 

60x30 1 

= = — sec 

300 x360 60 

Rate of discharge during injection period 
60xl00x0 3o 

== w?: — =0 00425 ft ® per sec 
60 X 150 X 55 

Head corresponding to 4000 lb /m ^ 

4000 X 144 


65 


=10 520 ft 


Apparent velocity allowing coeff of discharge =0 6 
=0 6 V 2 gxlO 500=495 ft /sec 
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Area required =0 00425 — 495 ft ^=0 00086 in ^ 

Required dia for single orifice ==>w/ ^--==39/1000 

^ “TT X oOU 

, 6 equal onfices = 39/1000 — a/o =16/1000 

Literature — Clialoner J L Tar Oils as Euel for Diesel 
Engines — Int&tTial Corribust%orb Engvneervng July 16th 
1914 et seq 

Chaloner J L Oil Engine Progress — ^Diesel Engine 
Users Assoc Eeb 24th 1921 

Day C Tars and Tar Oils as Euel for Diesel Engines — 
Diesel Engine Users Assoc Jan 19th 1916 

Hawkes C J Injection and Combustion of Oil in Diesel 
Engmes — ^N E Coast Inst of Engineers and Shipbuilders 
Hawkes C J Some Experimental Work in connection 
with Diesel Engmes — ^Inst Nav Aich July 8th 1920 

Hawkes C J Euel Oil in Diesel Engines — ^N E Coast 
Inst of Engs and Shipbuilders Nov 26th 1920 

Holmes V Mechanical Injection of Euel as applied to 
Diesel Engines — ^Woman s Eng Soc 

Kirk G Hi The Design and Construction of Diesel Engine 
Euel Pumps — Eng^nee?^ng Nov 15th 1918 

Livens E H Some Lmcolnshire Oil Engmes — ^Inst 
Mech Engs July 21st 1920 

Porter G Tar Oil Euel and Diesel Engines — Diesel 
Eng Users Assoc May 24th 1917 

Heimie A Still Engme for Marine Propulsion — Inst 
Engs and Shipbuilders Scotland Eeb 14th 1922 

Smith P H Two Essential Conditions for burnmg Tar 
Oil m Diesel Engmes — ^Diesel Eng Users Assoc May 16th 
1918 

Wans O Recent Developments in Meohamcal Injection 
Oil Engmes — ^Diesel Eng Users Assoc Nov 18th 1921 
Unsigned 3000 1 H P Smgle Screw M S Ehnaren — 
E7igzneer%ng Nov 10th 1922 et seq 

Unsigned The Sohd Injection Diesel Engine — Motor 
S'h%'p and Motor JBoat July 5th 1917 

Unsigned Diesel Engine Euel Valves — Motor 8}i%'p and 
Motor Boat March 22nd 1917 


CHAPTER XII 


4.III AISD EXHAUST SYSTEM 

Four Stroke Engines — So far as foui stroke engines are 
concerned the paits included in this system are — 

The air suction pipe 
Air suction valve 
Exhaust valve 
Exhaust piping 
Silencer 

In the neighbouihood of cement woiks or othei souices of grit 
a suction filter is sometimes added with a view to preventing 
foreign matter from reaching the interior of the cylinder along 
with the indrawn charges of air 

Air Suction Pipes — The usual form of 
suction pipe for both land and marine engines 
is shewn in Eig 208 and is intended to serve 
the double purpose of mufiiing the sound 
caused by the rush of air past the inlet valve 
on the suction stroke and also to prevent in 
some measure the mgress of dust To be of 
leal service in either capacity the slots should 
not exceed about 40/1000 of an inch m width 
and m use must be kept clear of dirt other 
wise the volumetric efficiency and consequently 
the power of the engine will be seriously 
impaired To be reasonably efiective as a 
silencer the slots should cease within a foot 
or so of the point where the pipe 301 ns the 
cylinder cover To prevent throtthng the 
aggregate area through the slots is usually 
made about 1 5 to twnce the clear area of the 
pipe Assuming the slots are spaced § apart 
the slotted length of the pipe works out to 
about 3 J to 4 J times the bore In very 

g51 



Fig 208 
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expeit foundnes these slots are formed in the castmg (oast 
non) Where the slots have to be nulled alunumum is a 
convenient and suitable material for this purpose Welded 
tubes of sheet iron are sometimes used but are liable to become 
dented and unsightly 

An ef&oient and durable airangement shewn in Eig 209 
consists of a common coUectmg pipe in commumcation with 
all the cyhnders and ending in a trumpet shaped piece which 
IS very effective in m uffling the sounds of suction The trumpet 
fittmg IS similar to a comet mute and consists of mtemal and 
external members so arranged that the space between them 
has a sectional area increasing outwards whilst the distance 
between the two members diminishes 



The noise question is most effectively disposed of by carry 
ing the suction pipe outside the building or engme room 
m dusty locahties If an air filter be added the arrangement 
IS ideal 

Where a separate suction pipe as m Fig 208 is fitted to 
each cylinder the bore is usually made equal to that of the 
suction valve or shghtly larger Where a common suction 
pipe IS provided the bore may be anything up to about double 
this size according to the number of cyhnders to be supphed 
and the length of the pipe 

Suction Valves — Atypical suction valve is shewn m Fig 210 
The valve pioper may be of carbon or nickel steel in the foim 
of a drop forgmg The upper end is guided by a httle piston 
which also takes the thrust of the sprmg In the example 
shewn the guide piston is of ohiUed cast iron extended in the 
form of a nut and provided with a cup shaped cavity to accom 
modate the operating tappet The casmg being in two parts 
it IS necessary to finish each part on a mandnl to ensure ahgn 
ment m position It is not necessary at this pomt to describe 
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vaiiations m the details of suction valves as the lattei are 
usually made similar to the exhaust valves (which will be 
described in detail later) except for such special features as aie 
necessary to deal with the heat effects to wluch the latter aie 
subject 



Dimensions of Air Suction Valves — The rec[uisite diameter 
for an air suction valve may be regarded as deter min ed by the 
meai vacuum allowable on the suction stroke Taking this to 
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atmospheiie pres^uie the theoretical mean 

d taking the mean coefficient of discharge to be 0 70 this 
gives a mean apparent velocity of 1 95 feet per second Now as 

Wm? opening area of the valve if we assume a 

harmomc cam openmg and closing exactly at the upper and 

bTimt^hlw respectively then the mean opemn| would 

^ just half the masmum opening if the maximum hft is made 
4 ot the valve diameter Actually the valve is alwavs 
before top centre and close after top dead 

ma™m Irel ^ ® 

Adopting this figure we may wnte — 

195=V =V X 


XVI, T7 . 0 66x0 785 d2 

VVkere V =Apparent mean velocity of air n feet per second 
Vp =Mean piston speed in feet/seconds 
L =Bore of cyhnder 
d =Diameter of suction valve 
Prom which 

=a/i 54-^ = / 

‘V 195 V 1 


B 


p 

127 


Values of - calculated fiom this formula for various piston 

Stot practice 

? 500 600 700 800 900 1000 1100 1200 

324 343 362 380 ^9? 

In the best practice the maximum hfts of the air and exhaust 

riw °^ade as much as 0 28 of the va??e d^f 

^ile f increase the maximum 

th^irfn + increased and the openmg at 

the dead centre is augmented without adopting an undulv lone 

awkward shape of cam ^ ^ 

« 7 ,ro« ^ and exhaust valves are usually operated by the lever 

Exhaust Valves — ^In some small engines the exhaust valves 
are sin^r to and mterchangeable with the a^ suction v^^ 
but with medium and large size engmes owmg to the wi 

valves and m consequence their 
slower rate of cooling by conduction to the surrounding media 
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special ariangements have to be made to conduct heat av-a}; 
from the valve seat which would otherwise become pitted and 
giooved in a short time 

With cylinders up to about 16 in bore the trouble can be 
reduced to reasonable proportions by providing the valves 
with cast iron heads which are less hable to become pitted 
than those of nickel steel Ventilation of the casing by means 
of perforations is also found useful Some types of east iron 
exhaust valve heads which have proved successful in practice 
are shewn in Fig 211 With eyhndeis much in excess of 
16 n bore some form of water cooled casmg is desirable and 
the simple arrangement shewn in Fig 212 has proved most 


Cast Iron 



Cast Iro 


C St fron 



Fig 211 


Pig 212 
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effective with the very laigest cyhnders without resorting to 
the expedient of coohng the valve itself by direct means It 
appears that the flow of heat from the seating to the water 
3acket is sufficient to keep the temperature of the former at a 
suitable low value so long as the mean indicated pressure does 
not exceed a reasonable figure dictated by other considerations 
The valve spmdle is hable to become stuck by carbonaceous 
deposit and should therefoie be about 20/1000 slack in the 
casing Furthermore arrangements should be made to feed a 
little paraffin to this point from time to time 

The upper or guide end requires some care in detaihng 




particularly in high speed engmes to prevent the nut from 
slacking back or the threads becoming stripped The arrange 
ment shewn in Fig 210 is simple and effective other arrange 
ments are shewn m Fig 213 foi slow speed engmes 

Valve Casings — ^Two types of valve casmgs have been 
illustrated m Figs 210 and 212 and further modifications are 
shewn m Fig 214 The valve seatmg is made in a separate 
piece which is readily replaceable when worn by an inter 
changeable spare After repeated regrmdmgs a ridge is formed 
which has to be turned off a process more conveniently earned 
out on a hght rmg than on a whole casing If no loose seat is 
provided it becomes necessary in time to turn down the under 
surface of the casmg flange m order to bnng the valve seat 




AIR AND EXHAUST SYSTEM 


2^7 


flush with the undei side of the covei The poit in the casing 
provided foi the flow of exhaust gas should accuiatelj' coincide 
with the coiiesponding poit m the covei and it is usual to 
piovide an equal and opposite dummy poit to pieserve the 
s>mmetiy of the casting and di m imsb chances of di toition 
due to expansion or growth The 
depth of the metal under the ports 

should not be reduced to too fine a ^ ^ ^ 

hmit otherwise there is danger of ^ ^ 

leakage on the compression and ex ^ ^ 

pansion strokes due to deflection or ^ H 

even cracking of the metal at this ^ I ® 

point The numbei of studs (two to ^ M 

four) used to secure the casing to the 

cyhnder cover is purely a matter of 

convenience in arranging the geai on j 

the cover or cyhnder head Two studs ^ ^ 

properly proportioned are sufficient H ^ $ I ^ 

for the largest valves given an 

adequate depth of flange and good 

connection of the latter to the body M ^ ^ « 

Exhaust Lifting Devices — Some H ^ ^ m 

form of exhaust hft for breakmg com w ^ ^ M 

pression is usually fltted to both land W ^ ^ S 

and marine engines With the former H ^ I M 

the use of such a device on shutting 

down the engine obviates the ten / \ 

deney of the engine to swing in the / ^ I ^ \ 

reverse direction to that for which it / /\ \ \ V\ V 

was designed just before stopping /l// \\l\ ^ 

and also facihtates turnmg the engme ^ / 1 / / \\ 

by hand With marme engmes some ^ ^ ^ 

such device should come mto opera ^ ^ 

tion automatically on reversing to • | ' 

prevent the possibihty of compressing 
an unexhausted charge when motion is 

begun in the reverse direction An expansion stroke executed 
In the ahead direction becomes a compression stroke in the 
astern direction and vice versa Two hand devices are shewn 
m Eig 215 Type A consists of a substantial steel lever pro 
vided with a slotted end which normally keeps it in a veitical 
position clear of the gear To bring the lever into opeiation it 
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IS lifted to the extent of the slot and allowed to fall forwards 
A projection on the level then shps under an extension of the 
roller pin on the first occasion of the valve being lifted and 
prevents its return Type B consists of a link and screw by 
means of which the valve may be depressed during the runmng 
of the engine and which normally hes alongside the casing 
Fig 216 shews three arrangements suitable for marine engines 
In type A the valve is depiessed by a pneumatic cyhnder 



arranged above and in hne with the valve Type B consists of 
a senes of cams (one cam over each exhaust valve lever) 
mounted on a shaft lunning from end to end of the engine A 
turmng movement of this shaft simultaneously depresses all 
the exhaust valves Type C is appropriate to those engines in 
which the valve levers aie operated by push rods The first 
movement m reveromg consists of swingmg the lower end of 
the push lods out of the range of operation of the cams By a 
scheme of linkwork which is obvious from the illustration the 
same movement intioduces a lever with an mchned face under 
a roller provided for this purpose attached to the valve lever 
with the result that the valve is held off its seat until the push 
rods regam their normal working positions 

Proportions of Exhaust Valves and Casings — The diameter 
of the exhaust valve is almost invariably made the same as 
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that of the air valve in oidei to 'siniphfy manufactuie and give 
a symmetrical arrangement of valve gear On the exhaust 
stioke the area thiough the valve is more than sufficient 
but a fairly early openmg (40 to 50 before bottom dead 
centre) is necessary to effect a rapid fall of pressure The 
dimensions of the various parts of the valve and casing are 
with a few exceptions matters of experience onlj and the 
approximate proportions given below with lefeience to Fig 217 
are representative of average piactice The figuies are ex 
pressed in terms of the valve diameter as unit 




The larger figures refer generally to the smaller sizes of valve 
The spr ing which wiU be considered later has usually betw een 
twelve and twenty two turns A large numbei of turns reduces 
the range of variation of stress and consequently inci eases 
resistance to fatigue 

On the other hand a spring with a small number of turns 
has less tendency to buckle 

The seatmg of the casmg m the cylmdei cover is almost 
always made square now instead of conical as formerly The 
width of seatmg need not exceed a quarter of an mch in the 
largest sizes The aeatmg of the valve m the casmg is usually 
made at an angle of 46 or 30 and the width of the 
seatmg vanes greatly m different designs Narrow seatmgs 
about an eighth of an mch m width appear to be least subject 
to pitting and seatmgs as narrow as 1 /26th of an inch have 
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been used successfully For large marine engines seats about 
I mch. wide seem to be piefeired The spmdle cleaiance may 
be about 20/1000 and the guide piston cleaiance about 10/1000 
in all sizes 

The size of the holding down studs may be found fiom the 
standard table (page 129) the total load bemg based on a 
pressure of 500 lb per sq in over the least aiea of the casing 
where it makes jomt with the cylinder cover 

The casing lugs should be amply proportioned particularly 
in cases where the castmgs are not above aveiage quahty and 
they should have a good hold on the cylindrical part of the 
casing reinforced if necessary by internal iibbing It is not 



unknown for these lugs to break off in tightening up the studs 
so it IS as well to err on the strong side 

Exhaust Valve Springs — ^Apart from the weight of the 
valve m itself there are causes tending to open the exhaust 
valve when it should be shut viz — 

(1) The vacuum on the suction stroke 

(2) With four cyhnder engines especially the first rush of 

exhaust from the neighbourmg cylmder if the latter 
discharges mto the same collecting pipe 

In addition the inertia of the valve and any levers rods 
etc m connection therewith tend to make the latter lose 
contact with the operatmg cam m the neighbourhood of 
maximum hft These various mfiuences are overcome by 
fittmg a spring the normal load of which is equivalent to a 
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pressure of about 10 lb per sq in m valve aiea m tlie case of 
slow speed engines and anything up to about 20 lb per sq m 
oi more in the case of high speed engmes A method of com 
puting the inertia effect will be dealt with in some detail as 
there is a tendency for highei speeds to be used m practice 
and the prmciples involved have a wade apphcation in the 
design of high speed machmery generally 

Inertia Effect of Valves — Consider the simple airangement 
shewn in Fig 218 consisting of a valve directly operated by a 
cam wathout mtermediate members Let the weight of the 
valve guide and roller etc be W lb 
The effect of the mertia of the spring 
may be allowed foi by addmg one third 
of its weight to that of the othei parts 
Let X be the distance in mches of the 
valve fiom its seat at any instant If the 
shape of the cam and the speed of the 
cam shaft be known it is possible to ex 
pi ess X in terms of the time t in 
seconds counted from the instant at 
which the valve begms to hft by means 
either of an equation or a giaph exhibiting 
the lift on a time base If this equation 
(equation of motion) is available then 
one differentiation with respect to t 
gives an expression for the velocity 
denoted by x and a second differentia 
tion gives the acceleration denoted by 

X If the 1 elation between x and t is Fig 21S 

given by means of a graph then the 

differentiation may be done by one or othei of the graphical 
methods explained in books on practical mathematics In 
either case x bemg measured from the valve seat outwards 
positive values of x denote inertia effects tendmg to press the 
roller agamst the cam and negative values of x denote mertia 
effects tendmg to cause the roller to lose contact with the cam 
Here we are only concerned with the negative values of x If 
X denotes th6 resultant force on the valve neglecting all 
effects except those due to the mertia 

W 

Then X= — x (mvx) (U 

§ 

g =386 m /sec ® 
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Equation (1) gives the minimum value of the spring pressure 
to prevent the lollei jumping due to mertia 

The value of x (max ) is veiy easily calculated m one case 
VIZ when the cam is so designed that the valve desciibes 
simple harmomc motion that is when the graph of x and t 
IS a sme curve In this case it is convement to measure x from 
the position of mid hft positive outwards and negative mwaids 
The equation of motion is then — 


x=Asinpt (2) 

where A =Half the maximum hft m inches 
and p IS a constant such that pT = 27 r 

where T is the whole penod of opening in seconds If the 
exhaust valve is open foi 240 crank shaft degrees then — 


■“n ^360 


and p = 


277 n x360 
60 x240 


0 167n 


( 3 ) 


n bemg the number of revolutions of the engine per minute 

From (2) X = — Ap® sin pt 

And x,max) = — Ap2 

Substituting in (1) X = — — A p (4) 

Example W =10 lb 

A=Half lift=0 375 
n =400 PPM 

From (3) p =0 lo7 x400 =62 9 

From (4) X=^ xO 375 x62 02=38 5 lb 

38b 

The valve would therefore require to be provided with a spring 
capable of exerting a force of 48 5 lb to deal with inertia and 
dead weight only apart altogether from gas pressure and 
friction 

The use of the harmonic cam to which the above figures 
apply has not become very general m Diesel Engme practice 
the tangent cam shewn in Fig 249 Chapter XIV being more 
commonly employed T37pical velocity and a,cceleration 
curves for a tangent cam are shewn in Fig 219 

Effect of Levers and Push Rods etc — ^The simple case 
considered above of a cam operating directly on the end of the 
valve IS seldom leahsed in practice and a somewhat more 
geneiilcase illustrated diagrammatically in Fig 220 will be 
considered V e have now several different membeis all 
participating m the motion and acquiring momentum which 
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must be oveicome by the spring The pioblem is a simple 
case of the general theory of a system of one degree of fieedom 
simphfied by tieatmg the coefficient of inertia as a constant 
mstead of a function of x Considei any paiticle of the level 
AB situate at a distance r from the fuloium E and havmg 



a weight -R lb If & denote the speed of this paiticle during 
any small displacement of the system then — 

s =x —and s =x — 
a a 

The effective foice acting on the particle is therefore equal to 
w r 

- X - and the leaction Xj at A due to all such pai tides of the 
g a 

level IS given bj- 


X,= 


ga 




g a 


( 5 ) 


Wheie W ^ is the weight of the level and ki is its ladius of 

W,ki® 

gyration about E The expression ^ ^ 


g a^ 


IS the inertia co 


efficient of the lever with respect to the co ordmate x and may 
be denoted by The total leactior X at A due to the inertia 

effects of the valve itself all the levers push rods etc is the 
sum of all the leactions due to the individual members and 
therefoie 

X=x(4.o+Ai+A 4-A,) (6) 

Aq bemg= — ? where Wo=weight of valve 
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and A is the ineitia coefficient of the push lod and A3 is 
that of the hnk 

By similar reasoning to that given above foi Aj it is found 

Wa/bX^ 

that A2^ — / - I wheie W = weight of push lod 


g \a 


and A. 


_W3/^Y 

' g \ ac / 


wheie W3= weight of hnk and k3=its 


ladius of gyration about its axis 

It wiU be seen at once that equation (6) is similai to (1) 
with inertia coefficient substituted foi mass The assumption 
made is that the angles a y do not deviate far fiom 90 degiees 
For ordinal y practical purposes a deviation of 10 01 lo degiees 
on either side involves a negligible eiror 


Example Y 0 == 6 lb 
Wj. = lalb 
W2= 8 1b 
W3= 5 1b 

X =x( A 0 +Ai +A8 + A3) 


1600 


386 
= 118 lb 


6 + 15 ( +8 


a = 10 ki=7 

b = 12 k3=0 

c = 7 

x = lb00 in /sec ^ 

12\2 /12 yo\ ” 

10/ XV _ 


For slow running engines the inertia does not usually amount 
to more than two or thiee lb persq in of valve aiea Inmost 
cases the spring may be based on the inertia load plus about 
6 lb per sq in of valve area to deal with the other effects 
’which entei into the question 

Strength and Deflection of Springs — The usual formulae foi 
the safe load and the deflection of spiings made of steel wiie 
of circular section aie given below for handy reference 


d® 

=0 2f — 


Wheie 


P =Safe load (maximum) in lb 
f =&afe stress usually about 60 000 lb 
per sq in 

d =Diameter of wire ui inches 
r =Mean ladius of coils in mches 


And 
8 = 


64 n 1^ P 
d^ 


W here 


8 =Deflection ui inches 
n=Numbei of turns (free) 
G=Modulus of rigidity usually 
taken to be about 12 000 000 
lb pel sq m 
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Exhaust Piping — A connnon arrangement of unjacketed 
cast iron exhaust pipmg is shewn in Fig 221 The flexibility 
of the system renders any special provision foi expansion un 
necessary The piping itself being out of reach need not be 
lagged and may be as hght as casting considerations will allow 



Fie 221 

The connectmg pieces between the various covers and the 
common discharge pipe may be made equal in bore to the 
diameter of the exhaust valve The bore of the collector pipe 
]oimng the silencer may be proportioned with reference to the 
nominal velocity of the exhaust gases as follows — 

Let Vp =Piston speed m feet per second 

V =Nommal speed of exhaust in feet per second 
B =Bore of cyhnder m mches 
d=Bore of exhaust pipe in inches 
n =Number of cylinders 

Tl*™ V 

In usmg this formula n should be put equal to 4 m all 
oases where the number of cylinders is equal to or less than 4 
The reason for this is that the gases discharge inteimittently 
and an engme of one two or three cyhndeis requires appioxi 
mately the same size of pipe as a four cyhnder engine of the 
same size and speed The value of V;^ varies from about 70 m 
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small engines to 110 in large The pipe leading from the 
silencer to the atmosphere may be made about 26% larger in 
the bore A somewhat neater arrangement mvolvmg an mter 
mediate collector under the floor is shewn m Eig 222 The 
mdividual exhaust pipes must now be water cooled but there 
IS no objection to short uncooled sections in way of the flanges 
of sufficient length to accommodate the bolts If the pipes 
are cast the thickness of the outer walls need not exceed about 
J to I with good foundry work The jacl ets may also be of 
welded steel tubes or sheets 



In maiine installations the exhaust is sometimes used to 
furnish a supply of hot water for heating and other purposes 
and this may be achieved by providing the exhaust collector 
with nests or coils of tubes through which water is circulated 
As a rule the exhaust from a four stioke marine engine is not 
sufficiently hot to necessitate the provision of a water cooled 
silencer apart from the arrangements which have just been 
mentioned 

Silencers — ^As a rule four stroke Land Diesel Engmes are 
supphed with a cast non silencer having a capacity of about 
SIX times the volume of one of the working cyhnders and a 
common type is shewn in Eig 223 

The result is not always satisfactory and better results are 
obtained by using a large underground brick or concrete 
chamber having twenty or thnty times the volume of one 
cyhnder V roii^lit ikh il ncci unless water jacketed or 
buried underground usually give out a ringing noise unless 
the gases on entry are made to diffuse through a trumpet 
arrangement similar to that described above under suction 
pipes 
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Two Stroke Engines Scavengers — If the efficiency of the 
scavenging piocess could be definitely ascertained in every 
case it would be a simple matter to calculate a suitable 
capacity foi the scavenge pump In those engmes of which the 
lesults on tiial suggest that this process is nearly perfect the 
scavenge pump appears to have a stroke volume capacity of 
about 1 4 times the aggregate stroke volume capacities of the 

cyhnders which it feeds Some of the 
earlier designs were based on ratios as 
high as 1 8 or 2 Such ratios penalise 
the design m two ways firstly by un 
duly mcreasing the size of the scaven 
gei and secondly by raising the pres 
sure required to pass the scavenge 
charge through the ports Good 
mechamcal efficiencies can only be 
secured by reducing the scavenge work 
to a mimmum In the best modem 
designs low piessures of 2 lb /in ® or 
less are usual In older to piedict the 
scavenge pressure in advance some 
such calculation as that indicated in 
Chapter III is requiied unless direct 
experience is available 

The work done by the scavenger is 
all lost work and must therefore be 
kept at a low figure On the other 
hand the super pressure above that of 
the atmosphere with which a controlled 
scavenge engme starts the compression 
stroke is a valuable factor in increas 
mg the power of a given sized cyhnder 
If simphcity is the mam consideration and uncontrolled port 
scavenge is adopted it becomes necessary to be content with 
a very moderate M I P as the super pressure obtainable at 
the beginning of compiession appears to be very hmited with 
the arrangements hitherto adopted on such engmes 

Construction of Scavengers — ^It is not necessary to deal 
exhaustively with the details of scavenge pumps as these differ 
little from the corresponding parts of L P steam engines 
The scavenger or scavengers aie preferably driven off cranks 
provided for the purpose on the mam shaft as m Eig 224 In 
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marine designs the hnk diive shewn in Fig 225 has also been 
used but as usually carried out is open to the follow mg objec 
tions — 

(1) The ariangement does not lend itself readily to the closed 

engme type of framework which appears to have every 
advantage for Diesel Engine work 

(2) The side levers involve cantilever connections which 

lack rigidity 

(3) The heavy reversals of thrust are hable to cause knock 

ing and vibration owing to small bearing surfaces and 
poor lubrication 



A scheme suitable for land work but a trifle maccessible for 
marme purposes consists of a tandem arrangement of scavenger 
and low pressure stage of blast air compressor as m Fig 226 
Valve Gear — ^The earher Diesel scavengers were fitted with 
piston valves single or double ported and this tjrpe of gear is 
still retained in some designs For reversmg such valves the 
Stevenson link motion appears to be the best solution on hand 
at present In other designs automatic disc or plate valves are 
bemg mcreasmgly used with a gam m simphcity and the 
advantage in marine work that no reversing gear is necessary 
The liability of the valves to failure by fatigue seems to be them 
chief drawback 

Scavenge Air Receivers —From the scavenge pump the air 
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passes to a receivei m communication with the cyhnder covers 
or scavenge air belts of the workmg cyhndeis With the usual 
arrangement where one or at most two double actmg scavenge 
pumps are used to supply a number of workmg cylinders say 
three to eight it is advisable to make the capacity of the 
receiver large compared with the stroke volume of one 
scavenger in older that the pressuie in the receiver may 
remain sensibly constant and a suitable capacity may usually 
be secured by makmg the diameter of the receiver about 
1 to 1 3 times the cyhnder bore In any proposed case it is a 
simple matter to construct a diagram shewmg on a time base 
the rate at which air is being passed to the leceiver by the 
scavenger and earned away from it by the working cyhnders 
The resultant effect in creatmg fluctuations m a receiver of any 
proposed capacity is then easily calculated The effect of too 
small a receiver capacity is to give those cyhnders which begin 
compression at the instant of maximum scavenge pressure an 
advantage over those less favourably timed The effect is 
readily studied m practice by means of light spring diagiams 
taken from the receiver and the working cyhnders respectively 
By way of example if two cyhnders start compiession with 
absolute pressures of 21 and 20 lb per sq in respectively then 
the first will (other thmgs bemg equal) have a maximum power 
capacity 6 % greater than the second or if they are worked at 
the same power the second cyhnder will work with a mean 
absolute charge temperature 6% greater than the first which 
is no small evil In some two stroke designs one double acting 
scavenger is provided for each pair of workmg cyhnders and if 
the dehveries are correctly timed with respect to the scavenge 
periods the receiver capacity does not require to be very laige 
Scavenge receivers are usually made of riveted or welded sheet 
steel havmg a thickness of about one per cent of the diameter 
A disastrous explosion at Nuremberg m 1912 traceable to the 
igmtion of lubricating oil vapour m the scavenge receiver of a 
large two stroke engme pomts to the desirabihty of providing 
dram cocks and a rehef valve or safety diaphragm of large area 
The area of the trunk communicating with each cylinder 
should be well in excess (usually about double) of the maximum 
aggregate area of the valves or ports which it supplies 

Scavenge Valves — ^In different designs embodying the 
prmciple of scavengmg through the cover one two three and 
four valves have been employed In particular if two valves 
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are used they raay be identical with the air and exhaust valves 
used in four stroke engines of the same size with the piston 
speeds at present customary With any other numbei of 
valves the area may be made equivalent In view of the 



Fig 227 

relatively hght duty which devolves upon them scavenge 
valves are usually made of somewhat simpler construction 
than exhaust valves as shewn m Fig 227 To prevent loss of 
scavenge air past the spindle the latter is usually made a good 
fit 

With controlled port scavenge double beat valves piston 
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valves and Corliss type valves have all been used in different 
designs as shewn diagiammatically in Fig 228 The use of 
the valve is exclusively to regulate the instant at which air is 
admitted to the cyhnder the point of cut off being determined 
by the piston coveiing the ports on the up stroke 

It theiefore follows that so long as the valve is full open at 
the mstant when the ports are covered the point at which the 
valve seats again may be determined arbitrarily by other 
considerations affecting the valve gear 

Ezhaust System — Ihe chief evil to be guarded against in 
the design of the exhaust system of a two stroke engine is the 
interference of the exhaust lush of one cyhnder with the 
scavenge process of anothei An obvious but inconvenient 
way of avoiding this trouble is to provide separate exhaust 



Fig 228 

pipes and silencers for each cylinder Practically the same 
effect can be achieved by providmg common exhaust systems 
for pairs of cyhnders whose cranks are at 180*^ This however 
does not appear to be necessary and satisfactory results with 
an exhaust system common to all cyhndeis are obtained by 
the use of an arrangement similar to that shewn in Eig 222 for 
four stroke engines 

The essential pomt is that the pipes which connect each 
cylinder to the common collector should be of large diameter 
(about three quarters of the cyhnder bore) and that the 
collector itself should have a volume large in comparison with 
the stroke volume of one cyhnder It does not follow however 
that a free passage for the exhaust is a necessary condition for 
efficiency as the latter has sometimes been improved by the 
insertion of a throtthng diaphragm in the exhaust passage at 
the pomt where the pipe joins the cyhnder 
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Silencers — The sudden lelease by the uncoveiing of poits 
of a pressuie of 40 lb per sq in and upwards pi o duces a noise 
which in the absence of a silencei can be heard some miles oh 
A type of silencer which renders the exhaust maudible a few 
yards away without imposing any back pressure is shewn in 
Fig 229 This type of silencer is most effective vhen water 


Diameter of Silencer 3 5 D 

Den th o D 

Bore of Inlet Pipe O 5 d B 



Fig 229 


jacketed Approximate mam dimensions are given in teims of 
the bore of the engine cylinder on the assumption of a piston 
speed of about 800 feet per minute For land purposes a large 
pit without special baffles would probably serve equally veil 

Literature — For information on the mechanics of cam 
operated mechanism see — 

Goodman J Mechanics Applied to Engineering 

(Longmans) 

Furday H F F JMLotor Feb 1922 

Also numerous articles in the A'uto7Yidb%le Eyigiyic&T 


CHAPTER XIII 

COMPPESSEI> \.TR SYSTEM 

As mentioned in Chapter I the injection of fuel by means of 
an air blast is one of the outstanding characteristics of the 
Diesel Engine and it seems probable that its use in the early 
experimental engines was suggested by the compressed air 
apparatus used to start the engine and which still appears to 
be the most practicable method of doing this The utihty of 
the air blast is by no means confined to its function of injecting 
the fuel in fact the widespread use of mechamcal means of 
mjection in other types of oil engine clearly indicates that 
effective atomisation can be obtamed otherwise As Guldner 
has pointed out the us© of an air blast probably secures a 
more efficient mixmg of the cylmdei contents than could be 
obtained in any other practicable manner The advantages m 
efficiency which such mixing secures are easily appreciated on 
examination of the thermodynamic prmciples involved With 
good mixing the combustion proceeds rapidly and reduces 
after burning to a mimmum and fuitber the whole charge 
tends to remam homogeneous as to temperature a necessary 
condition for maximum efficiency In practice there are two 
aspects from which the efficient utilisation of heat should be 
viewed viz — 

(1) Economy m fuel consumption 

(2) The effect of efficient combustion in keeping the mean 

cycle temperature to a mimmum 

The last consideration is a vital one from the point of view of 
rehabihty and durabihty and experience abundantly proves 
that any considerable mcrease of the cycle temperature due 
to overloading leakage past valves loss of volumetric effi 
cienoy or other causes is sufficient to convert an otherwise 
reliable machme mto a source of trouble 

2/4 
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The blast air has a pressure which vanes fiom about 900 to 
1000 lb /sq in at full load to about 600 lb /sq ui at no load 
and in land engines is usually supphed by a compressor formmg 
an integral part of the engine In marme installations the 
compressors are sometimes driven by separate auxihaiy engines 
An arrangement adopted by one maker was to drive the lower 
stages of the compressors by auxihary engmes the last stage 
being performed by a high pressure plunger driven by the 
mam engine Prom the compressor the air passes via coolers 
to a blast reservoir or bottle of sufficient capacity to absorb 
fluctuations of pressure and fitted with suitable distributing 
valves one of which commumcates with the fuel injection 
valves and another enables surplus air to be passed to the 
storage reservoirs provided for startmg purposes Cam 
operated valves in the covers of one or more cyhnders enable 
the stored air to be used to give the engine the imtial impetus 
which IS necessary before firing can begm With land engines 
the starting bottles are generally charged to a pressure of 
about 900 lb per sq in and with the fly wheels commonly 
used it IS not necessary to provide starting valves for more 
than one cyhndei out of three With marine engines storage 
pressures of about 360 lb per sq in are more common on 
account of the difficulty of makmg high pressure reservoirs of 
large size and m order to secure prompt staituig from any 
position starting valves are fitted to every cyhnder 

The air system also includes certam servo motors or air 
engines frequently used to perform operations of reversing 
the valve gear The various organs will now be consideied m 
more detail 

Air Compressors — ^Four stroke land engmes of the slow 
speed type as at present constructed require compressors 
havmg a capacity of about 1 5 cubic feet per B H P per hour 
which assuming a volumetric efficiency of 80 % corresponds to 
a stroke volume capacity of about 19 cubic feet per hour 
Small high speed engmes appear to require about 25% more 
than this allowance The above method of basmg the com 
pressor capacity on the B H P is not a very satisfactory one 
as different makers have different views as to power latmg 
A better plan is to express the L P stroke volume as a per 
centage of the aggregate cyhnder volume and the foUowmg 
figures are representative of average practice for land engmes 
In view of the demands made on the system when manoeuvrmg 
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marine installations aie provided with a special maiioeuvrmg 
air compiessoi separately diiven 


Bore of 

working cylinders 

Ratio L P stroke vol — St oke vol of working 
cylinders 

Four Stroke Engines 

Two Stroke Eng nes 

10 

0 08 

0 16 

lo 

0 07 

0 14 

20 

0 05 

0 09 


Number of Stages — For small slow running compressors 
two stages are sufficient but a 9 mch diameter of low piessure 
cyhnder appears to be about the safe hmit and even with 
tins restriction it appears wise to abandon the piinciple of 
equal distribution of work between the stages The small 
diameter of the H P cyhndei affoids httle coohng surface for 
the dissipation of heat and this consideration points to the 
advisability of arranging foi the greater part of the woik to be 
done m the L P stage a conclusion which has been anticipated 
by experience 

Three stage compressors are being increasingly used even 
for the smaller sizes but four stages have not come into general 
use even m the largest sizes With three or four stages the 
principle of equal division of work is open to less objection 
owing to the smaller ratio of compression in each stage 

Compressor Drives — Almost eveiy conceivable type of 
drive has been adopted at one time or another and only the 
commonest are mentioned below — 

(1) Tandem two or three stage compressor driven off the 

crank shaft This arrangement appears to have the 
balance of advantages for most purposes 

(2) Tandem two stage compressor driven by hnks and levers 

from each oonnectmg rod or crosshead This arrange 
ment is expensive but has the advantage of distribut 
mg the work amongst a number of small compressors 
which are subject to less heat trouble than one com 
pressor of the same capacity The suction pressure of 
the H P stage is usually sufficient to prevent reversal 
of thrust due to inertia and consequently sweet 
runnmg is secured 
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(3) Sim il ar to (2) but stages separate This arrangement is 

bad as the ooohng surface is less than in case (2) and 
the L P gear is subject to reveisal of thrust due to 
mertia 

(4) Twin tandem three stage compressors driven off a pair 

of cranks at the forward end of the engine This is a 
very suitable arrangement for large marine engines 

Constructive Details — The construction of air compressors 
bemg a speciahsed branch of mechanical engmeenng it is not 
proposed to give here more than a very brief reference to the 
subject The cyhnders of tandem two and three stage machines 
are frequently cast m one piece including the water jacket 
The relatively low temperatures obtainmg justify this pro 
cedure provided sound castmgs can be obtained with reason 
able regularity The foundry work may be simphfied in the 
case of two stage compressors by the followmg division of 
material — 

L P Cylinder and Jacket — one casting 
L P Cover and H P Jacket — one casting 
H P Liner and H P Cover — separate castmgs 

One advantage of this scheme is the possibdity of renewing 
the H P liner when worn The lattei is pecuharly subject 
to rapid wear on accormt of the high pressure behmd the 
lings 

Similar arrangements are of course possible with three stage 
machmes The possibihty of mcreasing the coohng surface of 
the H P hner by means of nbs does not appear to have received 
very much attention The trimk pistons serve as admirable 
crossheads bemg almost entirely free from the heat trouble 
to which the pistons of internal combustion 
engines aie subject For the L P and mter 
mediate stages Ramsbottom rmgs are usually 
fitted In very large machines the latter can 
also be fitted to the H P plimger Small H P 
plungers are usually fitted with some arrange 
ment similar to that shewn in Fig 230 The 
only thmg which need be said about the 
connecting rods is that on account of the 
thrust being always m one direction special 
care is required m the details of lubrication 





278 


DIESEL ENGINE DESIGN 


The design of valves has an important bearing on the success 
or failuie of a compressoi The chief evils to be avoided are — 

(1) Sticiing of the valves off their seats due to deposits of 

carbonised oil 

(2) Damage to valves or valve seats due to hammering 

The first is influenced more by the efficiency of the coolmg 
arrangements and the compression ratio than with the design 
of the valves themselves For obvious reasons the H P valves 
are most subject to this trouble 

The second trouble is usually due to the valves bemg too 
heavy having too much hft or the failure to provide adequate 
cushiomng and m successful designs is avoided by one or more 
of the following means — 

(1) Making the valves in the form of very light plates or discs 

with a very small lift 

(2) Providing a large number of very small valves in place 

of one or two large ones 

(3) Where laige valves of considerable weight are used 

arrangmg for some sort of dash pot action 

AH the valves should be easy of access and lemoval Ex 
periments with existmg types of compressoi seem to indicate 
that makers are inchned to base their valve dimensions on an 
air speed very much lower than is necessary One or two per 
cent loss of efficiency is of small importance if such a sacrifice 
enables the size of the valves to be reduced 

In some designs the intei coolers are separate from the 
compressor cyhnder and in others take the form of pipe coils 
ananged lound the compressor cyhnders inside a removable 
water jacket Vibration of the coils should be prevented by 
adequate clamps and stays and no sharp bends are allowable 
on account of a scounng action (presumably due to turbulent 
flow) which in acute cases may cause fracture of the pipe in a 
short time L P mtercoolers aie sometimes made similar to 
tubular condensers and in other designs take the form of a 
cast iron vessel provided with internal hehcal baffles which 
give rise to turbulent flow and morease greatly the efficiency of 
the coolmg surface It is desirable in aU cases to fit a final 
cooler to reduce the temperature of the fully compressed air 
jbefore entermg the blast receiver Each receiver should be 
feted with safety valve and dram One or two isolated cases 
^ explosion traceable to accumulation of lubncatmg oil m the 
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intercooler system emphasise the necessity for these fittmgs 
Some makers fit special purge pots in commumcation with 
each receiver for the collection and. discharge of condensed 
water and oil 

Calculations for Compressors — In calculating the LP 
stroke volume rec[uired to furmsh a given free air capacity 
allowance must be made for the volumetric efficiency which 
depends mainly on the clearance space and the dehvery 
pressure For example suppose the clearance to be 3 % of the 
stroke volume and the receiver pressure to be 150 lb per sq m 
On the suction stroke the suction valve will not begin to lift 
until the air left in the clearance space has expanded down to 
atmospheric pressure If this clearance air expands according 
to the law P V ^ ^=constant 


then its expanded volume expressed as a percentage of the 
stroke volume will be — 



Subtracting its origmal volume viz 3% the amount by which 
the effective stioke is shortened is 19 5% and the volumetric 
efficiency is 80 5% A further deduction should strictly be 
made for the fact that at the begmnmg of the compression 
stroke the cylinder contents are in general at a pressure 
shghtly less than atmospheric One or two per cent will usually 
cover this contingency This example is sufficient to shew the 
importance of reducing the clearance volume of the L P 
cyhnder to a minimum The efficiencies of the L P or H P 
cyhnders may be found similarly but only influence the 
volumetric efficiency of the compressor as a whole indirectly 
by raismg the receiver pressure above the value it would have 
if there were no clearance It will be evident on reflection that 
leakage past the H P dehvery valves will also raise the receiver 
pressures and for this reason it is desirable to fit pressure 
gauges to all receivers so that the condition of the valves may 
be inferred from the gauge leadings 

Assummg perfect mtercoohng and equal volumetric effi 
ciency in all the stages the pressure of the atmosphere and the 
receiver pressures (absolute) will be m mverse ratio to the 
stroke volumes of the cylinders and equal division of work 
between the stages will be secured by the proportions given 
below — 
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Two f Atmosphenc Pressure Intermediate Pressure High Pressure 
Stages \ 1 at =*14: 7 lb /m 8 at =*118 lb /m 64 at *=940 lb /in 

L P volume = 8 H P volume 

{ Atmospheric 1st Intermediate 2nd Intermediate High 
Pressure Pressure Pressure Pressure 

1 at =14 7 lb /4 at =58 8 lb / 16 at =235 lb / 64 at =940 lb / 

m m 2 m in 

^ ' 

li P volume IP volume HP volume =16 4 1 

In. piactice better results are obtained with two stage 
machines by the followmg propoitions — 

Atmospheric Pressure Intermediate Pressure High Pressure 

1 at =14 7 lb /m 12 at =177 lb /m 64 at =940 lb /in 

1/ P volume =12 H P volume 

Assuming that the L P stroke volume has been determined by 
some such considerations as the above the actual cylinder 
dimensions aie found by seleotmg suitable values for the 
piston speed and the L P stioke to bore latio The piston 
speeds commonly used he between about 300 to 600 feet per 
minute the lower speeds being usually associated with small 
machines With a httle caie it is possible by making small 
variations in the strokes to design a series of four or five 
compressors suitable for engines covering a wide range of 
powers Such a scheme involves sacrifices in some cases which 
however would appear to be qmte outweighed by the advan 
tages of standaidisation The ratio of stroke to bore of the 
L P cyhnder wiU generally he between about 0 7 and 1 7 
The valve areas for each stage are based on some figure for the 
mean velocity obtained in the case of suction valve by multi 
plymg the mean piston speed by the ratio of piston to valve 
area and in the case of dehvery valves the mean piston speed 
during the dehvery period by the same ratio Certain con 
tinental authorities recommend speeds not exceeding 80 and 
115 feet pel second for the suction and dehvery respectively 
but it appears that these figures may be doubled oi even trebled 
with impumty and sometimes to advantage 

The calculations of the strength of the various parts aie 
straightforward involving no special principles and are there 
fore passed over The coohng surface to be provided for inter 
cooling IS a very important matter and the following figures 
from a successful design may be useful as a basis of comparison 
in the absence of first hand experimental data 
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Three stage Compressor 

Cooling surface 
copper pipe coils 


Free air capacity 130 ft ®/min 
( L P 8 7 ft 2 
< L P 3 6 ft 2 

(HP 3 6 ft 2 


The subject of heat transmission being a veiy important one 
in connection with internal combustion 
engines a brief reference to the usual 
theory is inserted below 

Transmission of Heat through 
Plates — Referring to Fig 231 the 
direction of heat flow is indicated by 
the arrow and the symbols t^ tg tg ti 
denote the temperatures of the hot 
fluid the hot side of the plate the cold 
side of the plate and the cold fluid 
respectively The total heat drop con 
sists of three stages — 

(1) A.n apparently sudden diop fiom the hot fluid to the 

plate 

(2) A steady gradient across the thickness of the plate 

(3) An apparently sudden drop from the plate to the cold 

fluid 


>- 



Fic. *>31 


The assumption is that the rate of heat flow is dependent 
only on the temperature drop the thickness of the plate and 
the paiticular fluids employed On this assumption if Q is 
the amount of heat tiansmitted pei hour per unit of area 
then — 

Q =C0i(ti — tg) “^(^2 — ^ 3 ) =ct2(^3 — ^ 4 ) (1) 


fiom which 


Q = 


(ti-t*) 


lid 

I k-. 

ttj ag A, 


( 2 ) 


Where d =thiekness of plate and ai ag and A are constants 
For compressed air m pipes is given approximately by — 


aj^=about3 0 - (If pipe) to ai=about 2 2 - (2 pipe) 

where w/a =mass flow in lb per ft 2 of sectional area 

For nommally stiU water ag=about 100 (B T TJ /hr ft 2 F ) 
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Values of A are given below for various metals — 


Iron 

460 

Mild steel 

320 

Copper 

2100 

Brass 

740 

Scale (average) 

12 


B T U /ft 2 deg E per mch of 
thickness 


The values of A are well determmed but unfortunately 
the term involving this constant is the least important of the 
three as the bulk of the heat drop occurs at the surfaces of the 
plates The values of and ag must be used with caution as 
the small amount of pubhshed data indicates that these 
constants are subject to enormous variation under different 
circumstances In particular the value of is gieatly 
mcreased by the eddymg motion produced by high speed flow 
through narrow channels or tubes If the water boils at the 
surface a may be about 2000 even if the water is nominally 
still 

The value of ai for compressed air is somewhat higher at 
high temperatures than at low Eor further information on 
the subject of emissivities and heat transmission generally the 
reader is referred to the sources of mformation mentioned 
below ^ 

Equation (2) deserves careful consideration as it contams 
the crux of most heat transmission problems The term 
involvmg d and A is usually neghgible (except m cases 
of very rapid transmission) imless due allowance is made for 
scale or deposit It sometimes happens that either ai or az 
IS almost neghgible m comparison with the other 

Air Reservoirs — ^The usual arrangement of air reservoirs for 
land engines is shewn in Eig 232 This scheme was devised 
m the very early days of the development of the Diesel Engme 
and no substantial improvement has been made on it m recent 
years Two startmg and one blast air bottles are piovided 
all designed for a workmg pressure of about 1000 lb per sq in 
One of the startmg bottles serves as a reserve in case of a 
failure to start the engme due to any derangement In the 


High speed Internal Combustion Engmes Judge Heat Trans 
miss on Report by Prof Halby to the Inst Moch Engs 1909 Notes on 
Recent Researches paper by Prof Petavei Manchester Assoc ofEngmeers 
Oct 1915 The Laws of Heat Transmission Lecture by Prof Nicholson 
Junior Inst Jan 1909 Heat Transmission by Royds Constable 
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event of such, failure every care is taken to make certain that 
the engine is in perfect older before using the reserve bottle 
and it seldom happens in practice that the bottles require to 
be replenished from outside sources of supply The connections 
between the bottles the air compressor and the engine should 



be quite clear from the diagram Only one or two points 
will be mentioned 

(1) Before starting up it is possible to ascertain the pressure 

in each of the three bottles by opening up the appro 
priate valve on each bottle head in rotation In each 
case the pressure is recorded on the left hand gauge 

(2) The pressure in any pair or all three bottles may be 

equalised by openmg up a pair or all three such valves 

(3) The right hand gauge registers the blast pressure on the 

engine side By throttling the blast control valve on 
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the blast bottle head the injection pressure may be 
regulated below that of the bottle This is done when 
replenishing the starting bottle on hght load It is 
thus possible to pump up the startmg vessel to 
1000 lb /in 2 whilst the blast pressure is only 600 
lb /in 2 as required for hght running 



The bottle heads contammg the various valves are usually 
machined from a sohd block of steel A detail pf one of the 
valves IS shewn m Eig 233 

The bottles themselves are of weldless steel and a neck is 
frequently screwed on as in Eig 234 Some idea of the 
capacities of the bottles commonly provided may be gathered 
from the following table — 
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Total Capacity of H P Starting Am Bottles 
(four stroke engines) 

Engines of about 9 bote having one to six cylinders — about 
fourteen times the stroke volume of one cyhnder 

Engines of about 24 bore having one to six cylindeis — ^about 
seven times the stroke volume of one cylinder 

Owing to the expensive machinery required to manufacture 
weldless reservoirs only a certain limited number of standard 
sizes are available at reasonable pnces and in very large instal 
lations it IS sometimes necessary to provide groups of four or 
more starting vessels The usual working stress is about 



8000 lb /in ® and it is customary to specify a water test 
pressure of double the working pressure 

Riveted Air Reservoirs — ^For marme mstallations of high 
power it IS usual to use a lower air pressure of about 350 lb /in ® 
for starting purposes The air reservoirs now require to have 
a very much larger cubic capacity but the reduced pressure 
permits of the employment of riveted reservoirs The con 
struction of the latter need not be dealt with here bemg com 
parable with that of the steam drums of modern water tube 
boilers Adequate dramage for condensed water and oil 
vapour and also a manhole for inspection and cleamng should 
be provided These matters as well as others de alin g with the 
strength of the riveted jomts the quahty of material to be 
used and the tests to be carried out on completion form the 
subject matter of regulations by the various insurance societies 
and the Board of Trade 

Blast Piping System — ^Prom the blast bottle the injection 
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air passes to a main runnmg along tlie back of the engine 
where it is distributed by shoit lengths of pipe to the seveial 
fuel valves as in Eig 235 Where one fuel pump is provided 
for a number of eyhnders the fuel distributors may be made to 
serve as distnbutmg tee pieces for the blast air In marine 



engines it is usual to provide a shut down valve as in Fig 23 G 
to each tee piece so that the supply to any individual cylinder 
may be cut o£F to enable the fuel valves to be changed without 
stopping the engme 

In addition it is sometimes necessary (see Chapter XIV) 
to provide a valve whereby the whole supply of blast air 

IS automatically cut off when the 



Fia 236 


manoeuvring gear is put into the 
stop position The bore of the blast 
air supply pipe to each cylmder 
need not exceed about 2% of the 
cylinder bore but is usually greater 
than this in small engmes to avoid 
the multiphcation of standard sizes 
of umons The blast air main may 
be about 4% of the cyhnder bore 
foi any number of cylinders up to 
about SIX The same type of umon 
may be used as has akeady been 
illustrated in Fig 170 in connection 
with the fuel system Other types 
of umon are in use notably the 
Admiralty Cone Union which is also 
very serviceable 
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The Starting Air Pipe System — ^With land engines it i^s 
quite common to provide one cylinder only with a starting 
valve when the number of working cylinders does not exceed 




Fig 238 


four With SIX cyhnders and upwards two and sometimes tliiee 
units are provided with air starting arrangements A neat 
ariangement of the starting pipe is shewn in Fig 237 for a 
four cylinder engine In this case the design of the startmg 



valve is such that air is admitted through a port east m the 
side of the cylinder cover Any arrangement of piping is to 
be avoided which renders difficult the removal of a cylinder 
cover hence the provision of an elbow on the latter In other 
designs this elbow is cast integrally with the cover itself 
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With maiine engines aU oylindeis are piovided with starting 
valves to which the an is led thiough a steel mam pipe hne 
runmng the whole length of the engine Fig 238 shews the 
type of pipe flange most commonly used the mateiial being 
steel The tee pieces for distribution to the several cylmders 
may be of cast iron or cast steel If the former material is used 
the design should be very substantial as in Fig 239 The pipe 
hnes should be securely chpped to the framework of the engine 
otherwise there is hable to be severe vibration due to the 
surging of pressure within the pipe 

In large slow speed engines the diameter of the starting pipe 
may be about 0 07 to 0 1 of the cyhnder diameter In small 
high speed engines it is advisable to give the mam distributing 
pipe a diameter of about 0 15 to 0 17 of the bore m order to 

secure rapid acceleration 

Starting Valves — These are usually 
located m the cyhnder cover and 
operated by cams and levers m the 
same way as the other valves An 
arrangement less frequently used con 
sists of a centrahsed air ^stributmg 
box of rotary oi other type remote 
from the cyhnder covers but connected 
to them by distributing pipes Loss of 
compression is obviated by the pro 
vision of non return valves m the 
cyhnder cover The centrahsed dis 
tributmg box may consist of a sleeve 
rotatmg in a casing m such a manner 
that a slot in the sleeve admits air 
successively to a number of ports com 
mumcatmg with the several cylinders 
In other arrangements a set of cam 
. . operated mushroom valves is used 
These schemes have not become com 
mon practice and will not be discussed 
heie m further detail 
A common type of starting valve is shown m Fig 240 No 
provision has been made here to prevent leakage past the 
spmdle and if the latter is a good ground fit m the casmg the 
leakage should not be senous m amount In large sizes of 
valve additional tightness may be secured to advantage by 
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tlie provision of a mimber of small Ramsbottom rmgs It is 
usual to make the diameter of the piston part of the spindle 
the same as the smaller diameter of the valve head The 
minimum spring compression should be eq[uivalent to the 
maximum starting air pressure acting on an even area eq^ual 
to that of the valve seat The valve casing should be sub 
stantially proportioned to prevent distortion and conseq^uent 
leakage at the seat or bmdmg of the spindle It will be noticed 
that with this design of valve joints have to be made at A and 
B simultaneously There is no practical difficulty about this 
Joint A IS usually made with a copper or white metal iing 
A shght modification is sometimes made by the intioduetion 
of two cone jomts as in Fig 241 This also vorks well 
Fig 242 shews a type of starting valve in which the an is led 
to the top of the valve casing instead of bemg introduced 
through a port in the cyhnder cover 

A useful type of startmg valve devised by the Buimeister 
& Wain Company for Diesel Marine Engines is illustrated 
diagrammatically in Fig 243 With this design the valve 
becomes inoperative when the air pressure is removed and 
resumes workmg as soon as the pressure is restored This 
results m a great simphfication of the manoeuvring gear (see 
Chapter XIV) by the ehimnation of mechamsm which in some 
other designs is provided for the purpose of throwing the 
startmg valves out of gear when the fuel is turned on The 
desired result is achieved by attaching to the upper end of the 
valve spmdle an air cyhnder and piston kept in constant 
communication wath the air supply by means of holes through 
the spindle In the absence of air pressure the spimg A is 
sufficiently strong to keep the piston B at the bottom of the 
cyhnder C thus removing the roller from the lange of opera 
tion of the cam D When pressure air is turned on the piston 
IS forced to the top of the cylinder and the valve remains 
operative so long as the force required to open the valve is less 
than the difierence between the pressure load and the spring 
load on the piston B 

Diameter of Startmg Valves — On theoretical groimds 
the necessary diameter of startmg valves would appear to 
depend on the pressure of the air supply amongst other things 
It so happens however that m those cases where a low pressure 
air system is the most oonvement (viz m large marme instal 
lations) the multiphoity of oylmders to which starting air is 
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supplied affords adequate starting toique with a relatively 
low mean stai ting pressure in each cyhnder The result is 
that roughly the same diameters of staiting valve are used m 
either case i e whether a low or high pressuie startmg system 
be adopted t^ical figuies being from about 0 1 of the boie 
engines to 0 13 in smaU engines 
With slow speed land engmes it is very desirable to obtam a 

tat startmg card to overcome the mertia of the heavy fly 

wheels which are usuaUy necessary An engme m good work 
mg order should start firmg in the first or second revolution on 
startmg up cold It seems probable that m the event of low 
pressure bemg used for such engmes it might be necessary 
to fit starting valves to all the cylmders or to make the dia 
meter of the latter larger than is customary with the high 
pressure starting air systems at present in use 



Air Motors —In large marme engmes the work required to 
enect reversal of the valve mechanism when going from ahead 
to astern or vice versa is generally too great to be done with 
suSicient rapidity by a hand gear except m case of a break 
down of the air motor which is usually provided for the 
p^ose In different designs the air motor takes various forms 
oi which some are mentioned below — 
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(1) A small reciprocating engine (double acting) with two 

cylmders and cranks arranged at right angles The 
arrangement is almost exactly similar to the small 
auxihary steam engines used on steamships for the 
reversmg gear or the steermg gear Low pressure air 
is used and the air motor is geared down by worm and 
worm wheel so that it makes a considerable number 
of revolutions for one movement of the reversing gear 

(2) A single cylinder with piston and rod the reversmg 

motion bemg performed m one stioke This arrange 
ment is suitable for high or low pressure air and m 
either case the piston rod must be extended into an oil 
dashpot cyhnder to reduce shock If the two ends of 



Fig 245 

the oil cyhnder be connected to a hand pump the 
latter may be used for reversmg m the event of a 
failure of the air cyhnder This scheme is illustrated 
diagrammatically m Fig 244 

The reciprocatmg motion of the piston rod may be 
converted mto rotary motion (one complete revolution 
or more) by a rack and pmion 

(3) A rotary engme of the type which is frequently used as 
a pump m cormection with machine tools motor cars 
and other small machmes and which is shown dia 
grammaticaEy m Fig 246 This t 3 rpe of motor is only 
smtable for low pressures and is arranged to do its 
work m a considerable number of revolutions by 
means of worm gearmg 

Types (1) and (3) would appear to have the advantage of 
greatei adaptabihty to varjrmg pressures It is an easy matter 
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to goal the motor down so that it will turn under the lowest 
air pressures anticipated At higher pressures wire diawmg 
at the ports pi events the attainment of an undesirably high 
speed 

In type (2) hydrauhc leather packings aie used and consider 
able care should be taken in the design and the workmanship 
to ehminate all unnecessary sources of friction The strict 
ahgnment of the two cyhnders and the gmded end of the rod 
deserve special attention 

Literature — ^Ford J M High Pressure Air Compressors 
— ^Papei read before the Greenock Assoc of Shipbuilders and 
Engineers See Eng%neer%7ig October 20th 1916 et seq 
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VALVE GEAR 

Cams — With few exceptions the valves are operated by 
external piofile cams made of cast iron chilled and ground on 
the face In order to facihtate the removal of valves and 
cyhnder covers it is usual to arrange the cam shaft to one side 
of the cylinders and to transmit motion from the cams to the 
valves through levers or a combmation of levers and push, rods 
or liTiIa The arrangements m general use give an approximate 
one to one leverage between cam and valve and the figures 



Fig 246 


given above foi the width of cam face are based on this pro 
portion 

Two forms of cam body for the air and exhaust valves of 
four stroke non reversible engmes are illustrated in Fig 246 
the dimensions bemg expressed m terms of the cyhnder bore 
Fig 247 shews a combmed ahead and astern cam for a large 
marme engine The bosses should be bored a hard driving fit 
on the cam shaft and their lengths should be machined 
accurately to dimensions so that the complete group of cams 
required for one cyhnder give correct spacing when driven 
hard up side by side 

The fuel cam has to be of special construction on account of 

204 
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the necessity for precise adjustment of the timing and a 
typical form is shewn in Eig 248 The toe piece is preferably 
made of hardened steel but chilled cast iron is sometimes 
used 

Profile of Gams — ^The design of cam profiles for air exhaust 
and scavenge valves is a matter of reconcilmg the claims of 
the following desiderata — 

(1) Rapid and sustained openmg 

(2) Absence of wear and noise 

In slow speed engines the question of noise hardly arises 
and wear is easily kept to a reasonable Tuim-irnTm by adequate 
width of face For such engmes the tangent cam shewn in 
Fig 249 is suitable For high speeds a smoother shape as 
shewn in Fig 260 is desirable and the relatively slow opening 
may be compensated by earher tinung Such profiles are 
easily drawn by deciding on some arbitrary smooth curve of 
roller lift and plotting correspondmg positions of the roller 
with respect to the cam as in Fig 251 Some designers are in 
favour of a smusoidal form of roller hft curve With these 
smooth profiles peripheral cam speeds of five feet or more per 
second can be used with quite sweet runmng On theoretical 
grounds the cam profile should be based on the roller clearance 
circle as in Fig 252 but it does not yet appear quite clear 
whether the procedure has the practical advantages claimed 
for it 

The starting air cams are best given a sudden rise on the 
opening side to mmimise ware drawmg (Fig 253) 

Combustion valve cam profiles are a study in themselves 
and the final decision rests with the test bed engineers The 
effective period is usually about 48 or 50 crank shaft degrees 
or 24 to 25 cam shaft degrees The cam piece should how 
ever give a range about 26% m excess of this after allowing 
for the normal roller clearance to allow for lost motion in 
the gear The tangent profile shewn in Fig 249 is usually 
found qmte satisfactory but other shapes are used 

In order to avoid noise m two stroke engmes it appears 
necessary either — 

(1) To make the cams of smaller diameter than those of a 

four stroke engme of the same size or 

(2) To provide double faced cams mounted on a half speed 

cam shaft 
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The first pioceduie is the more usual but the second would 
appear to have much in its favoui In one marme design 
advantage is taken of this arrangement to work the engme on 
the four stroke cycle at slow speeds 

Cam Rollers — Engines havmg longitudinally fixed cam 
shafts are usually provided with cam rollers of steel case 





hardened and ground inside and out (Eig 264) and having a 
diameter of about one third that of the corresponding cams 
The grooves provided for hand lubrication of the pm should 
be noted In marine engines in which reveisal of rotation is 
effected by the provision of ahead and astern cams mounted 
on a longitudinally movable shaft the rollers reqmre to be 
of large diameter (about 60% of the cam 
diameter) in order that the idle cam may 
clear the lever as in Fig 265 Rollers of this 
size may be of cast iron bushed with phos 
phoi bionze 

Valve Levers — ^A common ariangement of 
valve levers and lever fulcrum shaft for four 
stroke land engines is shewn m Fig 266 
The fulcium brackets are secured to the 
cyhnder cover and the latter may be hfted 
complete with all valves and gear and re 
placed without disturbmg the valve settmgs 
With the arrangement shewn it is necessaiy 
to hft away the fulcrum shaft and levers 
before the various valves can be removed 
for regnndmg This very shght mconvemence 
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IS sometimes overcome by means of spbt levers or by provision 
of horse shoe shaped distance collars on the fulcrum shaft 
which when removed leave sufficient space to allow the levers 
to be moved sideways clear of the valve casmgs These devices 
are desirable m the largest engmes only Refeiring to Eig 266 
below it will be noted that the fuel and startmg levers are 
mounted on an eccentric bush A connected to the handle B 
The latter is provided with a spnng catch engagmg with 
notches in the fixed disc C m accordance with the followmg 
scheme and the diagram shewn m Fig 267 

Top notch — Runmng — ^Fuel lever in its normal running 

position Starting valve rollei 
out of range of cam 

Middle notch — ^Neutral — Both fuel and starting valve 

rollers out of range of cams 



Fig 256 
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Bottom notch — Starting — Starting air valve lever in its 

working position Fuel valve 
roUer out of range of cam 


Sometimes this arrangement is modified by keying the 
eccentric bush and handle to the fulcrum shaft and allowing 
the latter to turn in its supports This scheme is useful when 

the disposition of the geai is such 
that an air suction or exhaust 
lever separates the fuel and start 
ing levers This eccentric mount 
mg of levers may also be used 
for exhaust lifting or to remove 
aU the levers out of range of the 
cams during the axial displace 
ment of the cam shaft of a 
reversing engme 
Certain well known marine makers of great repute do not 
consider it necessary to put the fuel valve out of action whilst 
the engme is runnmg on compressed air and content them 
selves with suspending the supply of fuel to the valves during 
this period 

The levers are generally of cast steel or malleable iron but 
good cast iron may be used if the stress is confined to about 



Fig 2o8 



Fig 259 


2000 lb /m ® Some alternative sections are shewn m Fig 268 
The forked end of the lever calls for very httle comment 
Type A (Fig 259) is a good design but expensive Type B is 
very commonly fitted and is open to httle objection Type C 
IS the cheapest existmg construction and if accurate castmgs 
(machme moulded) are obtamable the only machmmg opera 
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tiou reqvured is to drill and reamer the hole for the roller pm 
The two grooves for the taper pin may be east 

In small engines the tappet end may consist of a plam boss 
screwed to receive a hardened tappet screw and lock nut 
as m Fig 260 In larger engines the more elaborate arrange 
ments shewn m Fig 261 are usually adopted The bosses of 
the levers should be bushed with good phosphor bronze and 
provided with a dustproof oil cup of some description m order 
to reduce wear to a minimum With these precautions the 
bush should only require renewal at widely distant mtervals 




and means of adjustment are unnecessarv even in the largest 

sizes of engmes , . ^ i 

Strength of Valve Levers — ^In four stroke engines the 

exhaust valve lever is the most heavily loaded Although the 
force required to operate the suction valve is relatively small 
it IS usual to make the mlet valve lever of the same section as 
the exhaust lever for the sake of imif ormity of appearance and 
the same pattern may frequently be used for both The loa^ 
imposed on the tappet ends of the various levers at the points 
of valve openmg are given below 


Exhaust Valve 
Suchon Valve 


Four Stroke Engines 
About 46 lb per sq m of exhaust valve 
3 ,j> 0 g, -j-sprmg load +mertia of valve 
Sprmg load +mertia of valve maximum of 

about 5 lb per sq m of valve area if the 
exhaust valve happens to be closing too 
early due to excessive roller clearance 
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Starting Valve 6001b persq in of valve area +spring load 
Fuel Valve (a) Swedish type 

1000 lb pel sq in of needle area+spring 
load+ineitia all leduced by the leveiage 
employed 
(b) Augsburg type 

DifEerence between the spimg load and 
1000 lb per sq in of needle area at 
stuffing box 

Two Stroke ENOrtiTES 

Scavenge Valves Sprmg load less scavenge air pressure into 
area of valve +mertia of valve 
Fud and Starting Valves As for four stroke engmes 
All the above are of course subject to shght correction for 
friction 

By way of example the mam dimensions of the exhaust 
valve lever for a 20 four stroke cyhnder 
are calculated below — 

Data „ 

Diameter of exhaust valve 6 5^ 
Fulcrum spmdle and ex>- 
haust valve lever centres 
as in Fig 262 

Pressure load on exhaust 
valve 

=0 785x6 52x46=1490 lb 
Sprmg load at say 8 lb 
per m 2 of valve area 

=0 785x6 52x8= 265 lb 
Inertia load say 40 lb 

I Total load to open ex 

Fig 262 haust valve 1796 lb 

Reaction at fulcrum spmdle about 3600 lb 
Bendmg moment at fulcrum spmdle — m ijj 

Allowing a stress of 6000 lb /m 2 
d®_3600x6xl8 „ 

10 6000x24 

d=3 m 
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Allowing for a bush J thick and about | metal at the boss 
the external diameter of the latter will be 5 
Sketching in the appiox 
imate outhne of the lever 
as in Fig 263 it is seen 
that at the weakest section 
A A the bendmg moment 
IS about 1800 x 18 5 m lb 
and takmg a stress of 
5000 lb /in for cast steel the modulus Z of the section AA 

, ,,, 1800x18 5 - - - 3 

should be =6 66 m ^ 

oUUU 

If the section AA is approximately T shaped as in Fig 264 
then Z ==b t h nearly h is 5 75 and 
therefore 

bt=||^=l 16m 2 
5 75 

which IS satisfied by b =2 25 and t =0 515 
The lever may be made of approximately 
umform strength by tapermg towards the 
ends both in width and depth as in Fig 
265 whilst the flange and web thicknesses 
are kept constant If a double bulb or 
other section is required for the sake of 
appearance and on casting considerations 
it IS a simple matter to sketch m such a 
section approximately equivalent to the 
simple I section to which the calculation 
apphes 

Push rods — In some designs a push rod is mtroduced 
between the lever and the cam roller as shewn diagram 
matically in Fig 220 ante m order to enable the cam shaft to 
be located at a low level 
For this purpose bright 
hollow shafting or even 
black lap welded steam 
tubes are suitable if not 
too highly stressed 

For handy reference m desigmng such push rods the follow 
mg table taken from Prof Goodman s Mechanics Apphed to 
Engmeenng is given for the buckhng loads of tubular struts 
In usmg these figures it is advisable to use a factor of safety of 



Fia 265 
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not less than about 3 or 4 and m no case to employ stresses 
exceeding 10 000 lb /in ® 

Buckling Stress (Free Ends) Lb per Sq In 


Ratio 

diameter 

Mild Steel 

10 

59 000 


42 000 


29 000 

40 

20 000 


14 000 

60 

10 500 


8 200 

80 

6 500 


6 500 

100 

4 500 


The jointed ends of the rods may be of forged steel bai or 
malleable cast iron bushed with bronze as in Fig 266 

Cam shafts — In modern shops the cam shaft may be 
rapidly and cheaply ground to size from black bars In older 

to facihtate the driving on of the 
cams for a multi cylmder engine 
the enlarged diameters are usually 
made of increasmg sizes differing 
by successive thirty seconds of an 
inch or thereabouts as shewn 
exaggerated in Fig 267 The same 
figure which represents the cam 
shaft for a four stroke generating 
set of three cyhnders also shews the 
method of supportmg the shaft by 
means of a continuous trough with 
one bearing between each bank of 
cams This arrangement has a veiy 
neat appearance and makes pro 
vision for catching the oil which 
dnps off the cams and rollers In 
some designs the cams are allowed to dip mto an oil bath 
the level of which is maintained constant by a small pump 



Pig 266 
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provided for the purpose or by a connection taken from the 
foiced lubiication system A copious supply of oil to the 
cams has the advantage of securmg quiet runnmg 

In other designs the cam shaft is supported by bearing 
brackets secured to the cyhnders as m Eig 268 In this case 



it IS very desirable to fit hght cast or sheet iron guards lound 
each bank of cams The cam shaft beaiings are divided 
horizontally for adjustment and the shells may be of cast iron 
hned with white metal solid gun metal or in small engines 
where the cost of material does not outweigh the advantage of 
simphcity of sohd die cast white metal Owmg to the slow 
peripheral speed and the intermittent character of the loading 



grease lubrication by Stauffer boxes is quite adequate although 
rmg and syphon are more commonly used 

A shghtly different arrangement is shewn m Eig 269 
Here the shaft is supported by a series of cam troughs one to 
each cyhnder each trough having two bearings The extra 
rigidity of this arrangement allows of the cam shaft diameter 
being reduced below the figure required with the other arrange 


X 
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ments described This division of the trough into segments is 
advantageous fiom the manufacturing point of view as the 
smaller parts are easier to cast and handle m the shops also 
one pattern serves for engines of any desired number of 
eyhnders 

Strength of Cam shaft — ^The size of cam shaft required for 
a given engine would appear to depend not so much on the 
stresses to which it wiU be subject as on the rigidity necessary 
to secure sweet runnmg of the gear Eor a four stroke engine 
the openmg of the exhaust valve against the terminal pressure 
in the cylmder is the severest duty which the cam shaft is 



called upon to perform The load is apphed and released 
fairly suddenly and a cam shaft lackmg m torsional and trans 
verse rigidity would undoubtedly be subject to oscillations 
which in an acute case would give nse to the following evils — 

(1) Noisy action of cams due to torsional recoil of shaft 

after each exhaust lift 

(2) Interference with the timing of valves (particularly the 

fuel valves) of eyhnders remote from the gearmg end 

of the cam shaft 

(3) Chattering of the gear wheels by which the shaft is 

driven 

In view of the fact that as shaft diameters are mcreased the 
stifEness mcreases at a greater rate than the strength it seems 
just possible that strength considerations might outweigh 
those of stifEness in very large engmes On the other hand 
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if angular deflection of tlie shaft between contiguous cyhnders 
be accepted as the criterion then consideiations of simihtude 
give shafts of diameters bearing a constant ratio to the cylinder 
bores (or rather exhaust valve diameters) and constant stresses 
m all sizes if the termmal pressure is always the same The 
fact that in practice relatively thinner cam shafts are used in 
large engines may be due to the lower terminal pressures 
obtaimng m the cylinders of the latter 

The following table shews the approximate diameters of 
cam shafts used m practice on four stroke engines of different 
sizes — 

Bore of Cylinder m inches 6 10 15 20 2o 30 

Diameter of Cam shaft in inches 1^* 2^ 2| 3f 3^ 4^ 


The above figures hold for any number of cyhnders up to 
four with the cam shaft dnve at one end or eight with the 
cam shaft diive at the centre 


For two stroke engines these diameters 
may be materially reduced on account of 
the absence of exhaust valves Average 
figures for existing practice appear to be c 
about 25% lower than those given above 
for four stroke engmes The fuel pumps 
and cylmder lubricatmg pumps are fre 
quently driven ofli the cam shaR but any 
auxihary gear such as circulating pumps 
etc requiring appreciable power are 
precluded 

Cam shaft Drives — ^For non reversible 
engmes the spiral drive shewn diagram 
matically in Fig 270 is the favourite 
This drive comprises the following com 
ponents — 

(1) Lower spiral wheels 

(2) Footstep bearing for vertical shaft 

(3) Vertical shaft and couplings 

(4) Upper spiral wheels 

The lower spiral wheels generally have a 
1 1 ratio so that the vertical shaft runs 
at engme speed In some designs the 
ratio is 1 ^ 1 and the vertical shaft runs 



Fig 270 
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at 50% above engine speed Witb the formei airange 
ment the upper wheels have a ratio of 1 2 and with the 

latter 1 3 

The construction of the footstep beaiing has already been 
commented on in Chapter VII The vertical shaft is usually 

made the same diameter as the 
cam shaft or a tnfle less and 
for convenience in dismanthng 
IS sometimes made in two or 
three pieces connected by coup 
lings examples of which are 
shewn m Eig 271 The spiral 
drive has also been used for 
reversible two stroke engines 

as it lends itself to a particular 

■ t miT I ~ ‘ — ^ 3^6 of reversing motion to be 






V, 

I 


Fio “>71 


described later 

A combination of spiral and 
bevel drive is also used as shewn 
diagrammaticaUy in Fig 272 
and leads to a compact arrangement of valve gear 

Reversible marine four stroke engmes are usually fitted with 
some form of spur wheel dnve in order to enable the cam shaft 
to be moved longitudinally without undue comphcation A 
floating cam shaft with spiral dnve necessitates the use of a 
sphned seating for the upper spiral wheel and the durability 
of such devices on a large scale seems questionable apart from 
the question of cost 

The dnve illustrated in Fig 273 shews a simple train of 
spur wheels and that of Fig 274 two pairs of spur gears con 
nected by coupling rods the latter bemg driven by cranks at 
right angles This gear woiks very sweetly and appears to 
give perfect satisfaction in service 

Combmations of spur and bevel gears have sometimes been 
used but would appear to have little to recommend them 
The vanous gear wheel casmgs deserve careful attention in 
design and some of the pomts to be considered are enumerated 
below — 


(1) The bearing or beanngs incorporated with the gear 

case to be adequately connected to the framework of 
the engme and well lubricated 

(2) Provision to be made for takmg the end thrust of the 


VALVE GEAR 


309 


310 


DIESEL ENGINE DESIGN 


cam shaft due to spiral wheels etc preferably by 
ball thrust washers 

(3) The wheels to run m a bath of oil and smtable arrange 
ments to be made to prevent leakage of the latter 

(4) The geneial arrangement of gear box and bearmgs to be 
compact and in general conformity with the design of 
the rest of the engme 

Probably the simplest way of fulfilling the above require 

ments is to cast the gear case 
en hloc xpith a continuous cam 
trough as in Eig 267 ante or 
in the case of a central drive 
to suspend the gear case be 
tween two sectional troughs 
as m Fig 276 by a sufficient 
number of fitted bolts 

Spur and Spiral Gear for 
Gam shaft Drives — The ques 
tion of the strength of the teeth 
hardly arises m this case and 
the problem consists in the selection of materials and propor 
tions giving quiet rimning and absence of wear The following 
pairs of materials are in common use — 

D? iver FoUoweii 

(1) Cast iron Cast iron 

(2) Steel Cast iron 

(3) Steel Bronze 

Of these the pairs (1) and (3) appear to give the best results 
with proper proportions and adequate lubrication etc 

In good practice the normal circular pitch of the teeth is 
made about equal to one twelfth of the cylinder bore for both 
spur and spiral gears and the width of face about one fifth of 
the cylmder bore m the case of four stroke engmes It is a 
fairly afe rule to make the pitch as coarse as the smallest wheel 
will allow m the case of spiral wheels With spur wheels fine 
pitches are not so objectionable as the shdmg between the 
teeth is much less 

For satisfactory running the teeth must of course be 
properly cut and the wheels accurately centred The tooth 
clearance should not exceed about 2/1000 and should be 
uniform all round 
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For partioiolars of tooth gearing calculations the reader is 
referred to the special books devoted to this subject The 
diagram shewn in Fig 276 is very useful m the preliminary 
stages of spiral drive calculation Suppose it is desired to 
design a pair of right angle spiral wheels to say 1 2 ratio 

first calculate the diameters of a pair of spur geais of the 
desired pitch and givii g the desired ratio viz 1 2 Diaw OA 
and OB equal to the pitch radii of the follower and driver 
respectively Complete the rectangle OBCA and draw any 
hne DCE cutting the axes in D and E Then DC and CE will 
be equal to the pitch radn of equivalent spiral wheels having 



spiial angles a and ^ and having a normal pitch the same as 
the circular pitch of the spur wheels fiirst calculated It usually 
happens that the wheel centres (DE) are fixed withm approxi 
mate hmits by space considerations and a process of trial and 
error is required to find suitable values for the number of teeth 
and the spiral angles The latter should not be less than about 
27 as the efficiency falls off rapidly as this figure is reduced 
Having obtamed an approximate solution by the above 
method the angles should be determined to the nearest mmute 
by logarithmic trial and error calculation by means of the 
foUowmg relation — 

AC BC 

a d o =DE =required wheel centres 

sin p Gosp 
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Reversing Gears — ^lu spite of early anticipations of dififi 
culty reversing gears for Marine Diesel Engines have attained 
a high degiee of efficiency On the score of simphcity reha 
bihty and quick action they compare favourably with the 
corresponding parts of steam engmes A very great number 
of different gears have been suggested and patented but those 
in widespread use faU into two or three well defined classes 
which will be described below 



Sliding Cam shaft Type of Reversing Gear — ^This type of 
gear is the favourite for four stroke engmes though it is 
equally apphcable to those working on the two stroke cycle 
Ahead and astern cams side by side are provided for the opera 
tion of each valve Reversal is effected by sliding the cam 
shaft a few mches endways m its bearmgs so that the ahead 
cam IS lemoved from the action of the roller and replaced by 
the astern cam and vice versa It is m general necessary to 
arrange means whereby the valve rollers may be swung cleai 
of the cam noses durmg the longitudmal movement of the 
shaft otherwise fouls would occur In some very small 
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engines the necessity for such provision is obviated by employ 
mg curved faced rollers adapted to shde up and down mchned 
faces between the ahead and astern cams respectively 

The method adopted m some of the Burmeister & Wain 
engines is shewm in Eig 277 A drum A is mounted on a 
cranked shaft B on which are hmged drag huka C connected 
to the roUer end of the valve push rods D Drum A is provided 
with a groove E the developed shape of which is shewn in the 
figure This groove accommodates a roller E attached to a 
movable collar bearing G Shaft B is rotated in the direc 
tion desired ( ahead to astern or astern to ahead ) by 




suitable gearing in connection with a leversmg servo motor 
or the like Approximately one third of a revolution of the 
shaft suffices to swmg the rollers clear of the cams meanwhile 
the cam shaft is stationary Another approximate one third 
of a revolution causes the groove E to shift the cam shaft from 
ahead to astern positions or vice versa whilst the valve rollers 
execute a harmless movement a httle further out and back 
again The remainder of the revolution of the weigh shaft B 
replaces the rollers in their running position 

In other engmes of the same make the developed shape of 
the groove E is executed on the back of a rack by means of 
which the straight line motion of a vertical servo motor is 
converted mto rotary motion of the weigh shaft This vana 
tion IS shewm in Eig 278 
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If separate means be adopted for removing and replacmg 
tbe rollers it is obviously possible to devise very simple means 
of shifting the cam shaft as in Fig 279 for example In such 
cases the two mechamsms must be interlocked to pi event a 
false manoeuvre 

Experiments show that the force reqmred to move the cam 
shaft longitudinally is about one third of the weight of the 
cam shaft plus cams and other gear keyed thereto and this 
figure may be used as a basis of calculation for this type of 
gear It is advisable however to afiow a fair margm of powei 
as the resistance to motion must always be a matter of some 
uncertainty When the axial motion of the shaft has the 



effect of opening one or more of the valves the lesistance due 
to this cause must be added to that of the shaft itself 

Twin Gam shaft Type of Reversing Gear — Vi ith this type 
of gear which is a speciahty of the Werkspoor Company not 
only are separate cams provided for ahead and astern running 
but the latter are mounted on separate cam shafts capable of 
being shd into and out of action as required Fig 280 illus 
trates the arrangement diagrammatically The cam shaft 
drive IS usually by means of coupling rods The chief advan 
tage of this gear would appeal to be the absence of special ge ii 
for swmgmg the rollers out of operation this piocess bemg un 
necessary In recent Werkspoor engines tins gear has been 
superseded by an arrangement of obhque eccentric bushes 
whereby the rollers are moved from the ahead to the astein 
cams and vice versa 

Twin Roller Type of Reversing Gear — ^This gear depends 
on some form of link work such as that shewn in Fig 281 
Rollers A and B he m the planes of the ahead and astern cams 
respectively In the position shewn the timmg of the valve 
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IS controlled by the ahead cam and roller A roller B is mean 
while outside the radius of action of its cam Rotation of the 
weigh shaft C through a predetermmed angle throws roller A 
out of action and brings roller B into action with the astern 
cam This type of gear has been apphed to both four and two 
stroke engines 



A different arrangement having some slight resemblance to 
the above is shewn in Eig 282 In this case there is only one 
roller which is swung from the ahead to the astern cam by a 
motion in a plane at right angles to the plane of the gear The 
roller face is curved to allow of this shght angular displace 
ment from the vertical The inherent defects of this mechamsm 
probably render it unsuitable for use in conjunction with any 
but the air starting valves 

Selective Wedge Type of Reversing Gear — ^This ingenious 
gear illustrated diagrammatically m Fig 283 has been devised 
by Carels Freres and used in connection with the startmg aar 
and fuel valves of two stroke marme engines designed by them 
Ahead and astern cams are provided side by side and the valve 
roller A is wide enough to cover both Between the cams and 
the lever is interposed a roller wedge piece B under control of 
a cam C mounted on a manoeuvrmg shaft D The latter is 
capable of independent rotary and endway motion A smt 
able rotary motion of the shaft D withdraws the wedge B to 
an extent which renders inoperative the ahead cam on which 
it rests A longitudinal moyement of shaft D carries the 
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head Cam' 'Astern Cam T 

Fio 282 Fig 283 
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wedge B with it and a further rotation of D introduces the 
wedge between lollei A and the astern cam and vice versa 
foi astern to ahead It is to be noticed that by a suitable 
ariangement of the duiations and sequences of the camsa by 
which the wedges are operated the engine is caused to start up 
in any predetermined manner as for example — 

Position (1) Six cyhnders on air Fuel valves inoperative 

(2) Three cyhnders on air Three cyhnders on fuel 

(3) Six cyhnders on fuel Air valves inoperative 

Special Reversing Gear for Two Stroke Engines — ^With 
two stroke e ng ines there are a number of means by which the 
duplication of cams may be avoided Considering the case of 



an e ngine fitted with scavenge valves and neglecting the start 
ing air valves for the moment the valve settings for ahead and 
astern will be somewhat as shewn m Fig 284 It will be seen 
that for both fuel and scavenge valves aU that is required to 
effect reversal is the rotation of the cam shaft through a 
certain angle a for the fuel valve and jS for the scavenge valves 
In some early engmes it was decided to select a=^=about 30 
to 36 and so effect reversal of both valves by one movement 
In later engines however it is more usual to use the TOt^ion 
of the cam shaft to reverse the scavenge valve only and adept 
independent means such as duphcate cams etc for the ue 
and starting valves The effect of the rotation of the cam 
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shaft on the settings of the latter must of course he allowed foi 
in fixmg the angular positions of the fuel and starting cams 
A simple method of efEectmg the desired rotation of the 
cam shaft of a small engme is shewn diagrammatically in 
Eig 285 Spiral drives are used and the vertical shaft is in 
two pieces C and D connected by a sphned couphng permit 
ting vertical movement of the upper half D The vertical 




position of D IS determined by the lever E which is hinged at F 
and connected at G to an eccentric or other suitable means of 
transmittmg motion from the hand wheel The extreme upper 
and lower positions of D determine the ahead and astern 
running positions 

If h =Iaft of vertical shaft 
s =Pitch radius of wheel B 
ll 

Then - =Reveramg angle in radians 
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In other arrangements the vertical shaft is moved as a whole 
as in Fig 286 and in calculating the amount of motion required 
for a given reversmg angle it is necessary to take mto account 
the rotation of the vertical shaft due to the shdmg between the 
lower hehcal wheels 

Consider the case where both upper and lower gears have a 
ratio of 1 1 Let a be the spiral angle of the crank shaft gear 

wheel 

Note that a<45 

Let h =Lift of vertical shaft 

ii=Pitch radius of vertical shaft lower wheel 
^2 =Pitch radius of cam shaft wheel 
Then 

Rotation of cam shaft due to axial movement of vertical 
shaft =— radians as before 

r2 

Furthei 

Rotation of vertical shaft due to shdmg of lower spiral 

, , h tan a 

wheels = 

ri 

Therefore 

Reversmg angle = — “ 

With the arrangement shewn the positive sign apphes when 
the upper and lower spirals have the same hand and the 
negative sign when they are of opposite hand 

An inspection of the valve settmgs for ahead and astern 
as shewn in Fig 284 ante reveals the fact that the reversmg 
angle is always described in the direction opposite to the 
previous direction of motion Advantage has been taken of 
this fact to obtain self reversmg valve settmgs by arrangmg 
between the cam shaft drive and the cam shaft proper a 
claw clutch havmg angular clearance between the jaws eq^ual 
to the reversmg angle With this arrangement mdependent 
reversible gearmg must be used for the startmg air valves 
A suggested improvement on the above is to provide mechamcal 
means for takmg up the slack between the jaws whilst the 
engme is stan ding instead of allowmg it to be suddenly taken 
up on startmg 

Movable Roller Type of Reversmg Gears — ^Instead of 
rotating the cam shaft through a certam angle relative to the 
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cam loUer the same effect may be obtained by turning the 
roUer relative to the cam shaft 

One such airangement is shewn in Fig 287 It will be 
noticed that the valve hft is less m the astern position than in 
the ahead but this is ummportant A similar device is shewn 
in Pig 288 In both these designs the reversing angle is 
conveniently halved by fittmg double nosed cams to a half 
speed cam shaft 

Another gear coming under this category is shewn in Fig 289 



Fig 28 1 


The displacement of the roller from its ahead to astern position 
is effected by the partial rotation of the eccentric fulcrum A 
and the roller passes through a neutral position in which it is 
outside the radius of operation of the cam 

The above descriptions by no means eichaust the hst of 
existmg Diesel Engme reverse gears and doubtless others 
remam to be mvented It is evident therefore that the 
problem of reversibihty no longer presents any obstacle to the 
development of the Diesel Engine for marine service 

For slow runmng engmes there is probably httle serious 
objection to any of the gears which have been described For 
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high speed engines howevei most existing gears for two 
stroke engines are noisy and of doubtful durability The 
shding cam shaft scheme is equally apphcable to two stroke as to 
four stroke engines and is perhaps as simple a solution as any 



IVlanoeuvrin^ Gears — Txi this connection the term manoeuv 
ring gear is apphed to those mechanisms apart from the 
reversing gear which come into operation on starting up a 
marine engine 


Y 
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The proceduie difiers m different designs but m geneial the 
foUovmig remarks are apphcable — 

(1) When the engme is standing the blast air supply should 
be cut off to prevent accumulation of pressure in any cylinder 
the fuel valve of which happens to be open If means be 
provided for puttmg the fuel valves out of operation m the 
stop position the blast cut out is not so essential but is still 
desirable as a safeguard 

(2) The blast air should be turned on automatically im 
mediately the engine is started although it is quite advan 
tageous to provide an mdependent shut off and regulating 
valve under the control of the engmeer 



(3) When the engine is standing the starting air should be 
cut off as there is> otherwise great loss of air due to leakage 
past the startmg valves The startmg air shut off may be 
automatic or hand operated if the latter it should be opened 
and closed by one simple motion An ordinary high pressure 
globe valve fitted with a qmck threaded spindle is suitable 
for this duty 

(4) The fuel pump suction valves should be held off their 
seats imtil such time as the fuel valves are in run ning position 
mdependent of the position of the fuel control 

(5) The fuel control shoidd be a handle (not a wheel) with 
a wide range of movement between no oil and full oil 

(6) A wheel or better still a lever is provided in connection 
with smtable mechanism for puttmg the startmg valves mto 
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opeiation at starting and subsequently putting tbern out of 
opeiation when sufB.oient speed has been attained to ensure 
firing in the oyhnders The same mechamsm may or may not 
(in different designs) throw the fuel valve mechamsm out of 
and mto operation Furthermore m some designs the opera 
tion of this gear is graduated as in the following scheme 
which refers to a six cylinder engine — 

F%rst notch — Six cyhnders on air (starting) 

Second notch — ^Three cyhnders on air Three cyhnders on 
fuel 

Third notch — ^Six cylmders on fuel 

The gear under consideration is connected with the fuel 
pumps and with the blast startmg air supply so that the 
following conditions are secured — 

(a) Movement of the lever towards the starting position 

automatically turns on the startmg and blast au 

(b) Suction valves of all fuel pumps held off their seats 

Further movement of the lever puts the starting valves of 
some or all of the cyhnders out of operation and simultan 
eously allows normal operation of the corresponding fuel 
pumps and also of the fuel valves if these latter are arranged 
to be out of operation during the time the startmg valves are 
working 

(7) Some simple type of mterlockmg gear is usually fitted 
to prevent the following false manoeuvres — 

(a) Startmg the engine before the reveismg gear is in either 

the full ahead or full astern position 

(b) Operating the reversing gear before the manoeuvrmg 

gear has been put mto the stop position 

Some of the means adopted to secure the conditions out 
hned m sections (1) to (7) will now be described Further 
reference need not be made to the reversing gear as with the 
exception of the mterlockmg arrangements mentioned above 
the reversmg arrangements are entirely independent of the 
mancBuvrmg gear 

A simple type of manoeuvring geai is shewn diagram 
matically m Fig 290 The fuel and startmg levels are eccen 
tncally mounted on fulcrum shafts as described earher m this 
chapter Each fulcrum shaft A is connected by Imks and 


324 


DIESEL ENGIlSiE DESIGN 


levels to a manoeuvring shaft B undei the contiol of a hand 
level C In the uppei position of level G all the fuel valves 
are in operation and m the lovei position the starting air 

valves A link D connects the 
manoeuvring level to an eccentric 
fulcrum on the fuel pump by means 
of which the suction valves are hfted 
by smtable tappets provided foi this 
purpose durmg such time as the 
startmg air valves aie m operation 
Another hnk performs a similar opera 
tion on the blast air control valve but 
in this case the connection is such that 
the blast air is only cut ojSE in the 
neutral or stop position of the 
manoeuvrmg lever 

In some engines the above arrange 
ments are adopted in principle but 
two separate control gears and levers 
are provided for the forward and aft 
halves of the engine The two control 
levers are placed close together so 
that the engmeer can work one with 
either hand On sta,rtmg he pulls both 
towards him thus puttmg all cyhnders under staitmg air 
As soon as su£B.cient speed has in his judgment been attained 
he pushes one lever towards the fuel position If firing starts 
he then pushes the other level into the fuel position If on the 
other hand firmg does not ensue he may pull back the lever 
mto the startmg air position and try the other lever in the fuel 
notch With an engme m good order it is probably advan 
tageous to throw over both levers simultaneously 

In other designs it is not necessary to operate the fulcrum 
shafts as the staitmg valves automatically throw themselves 
into operation when startmg air is turned on and become m 
operative when the startmg air pressure is released 

A great deal of mgenuity has been expended on the design 
of gears for throwmg successive combmations of cyhnders 
from air to fuel positions by a contmuous movement 
of a wheel Some designers have even gone the length of 
combmmg the reversmg and manoeuvrmg mechanisms so that 
all portions ahead and astern are secured by clock wise and 
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anti clock wise rotation of this wheel In the writer s opinion 
such gears are not to be desired for the following reasons — 

(1) Intelligent manipulation of machinery involves a certain 
parallehsm between the mental state of the operator and the 
lesponse which the machine makes to his control This state 
would appear to be most easily secured when separate and 
distmct operations on the part of the machine are made in 
response to separate and distmct movements on the part of the 
operator Hence it would appear best to keep the reversing 
and manceuvrmg control separate with the exception of what 
ever measure of interlocking is necessary to prevent accidents 

(2) Gears of the kmd referred to are usually complicated 
and not easily imderstood or overhauled 

(3) The complication of such geais is not infrequently 
associated with backlash which renders accurate valve setting 
difficult to effect and maintam 

(4) Comphcated gears do not appear to have any practical 
advantages to offset their increased cost 

Interlocking Gears — ^The precise form which an mterlockmg 
gear takes in any design depends on the forms of mechanism 
adopted for the reversmg and manoeuvring gears respectively 
but the problem very frequently reduces to that of two shafts 
either of which shall only be capable of movement in prescribed 
positions of the latter A simple mterlock for two parallel 
shafts subject to partial rotation is shewn in Eig 291 It will 
be observed that the manceuvrmg shaft A can only be rotated 
when the reversmg shaft B is in one of two positions (ahead 
and astern) defined by the positions of the gaps cut in the 
circumference of a disc keyed thereto Furthermore the shaft 
B can only be rotated from its ahead to its astern position (or 
vice versa) when the manceuvrmg shaft A is in one position — 
the stop position The solution when the shafts are at right 
angles as m Fig 292 is equally obvious An mdefimte 
number of other schemes could easily be devised to meet the 
requirements of different arrangements of gear 

Hand Controls — ^It is essential that aU the wheels and 
levers by means of which the engine is controlled should be 
grouped together so that they may be mampulated by one 
man m one position In the best known designs there are a 
pair of long levers for controlling the groups of cylinders m 
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starting and passing over on to fuel In the Burmeister & 
Wain engines the same leveis control the quantity of fuel 
dehvered to the engine cylinders In some other designs a 
separate lever or wheel is provided for this puipose In 
almost every case separate wheels or levers are used foi 
reversmg The usual positions for the control station are at 
the centre of the engine on the bottom or top platforms 



Fig 91 Fig 292 


Literature — Holmes V Reversing Systems of Large 
Alanne Oil Engmes Inst Automobile Engs 1924 
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